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Abstract. Defining ecological boundary as an outer envelope of an ecological entity such as an individual,
colony, population, community, an ecosystem, or any other discernible unit provides methodological benefits
and should thus enhance existing perspectives and research protocols. I argue that, because boundaries are fea-
tures of entities, the first step in investigation of boundary structure and properties should involve identification
of the entity the presumed boundary of interest belongs to. I use a general perspective where ecological systems
are parts of a larger system and themselves are made of subsystems (or entities). Such a general hierarchy of
ecological objects offers guidance as to how boundaries can be found for specific systems, and how their inves-
tigations might lead to reliable and generalizable insights. In particular, it may help in (a) categorizing types of
boundaries based on mechanisms leading to formation of entities; (b) deciding what is and what is not a bound-
ary by clarifying the nature of discontinuities seen in nature (e.g., sharp habitat transitions or weak separation of
entities); (c) assisting in selecting fruitful resolution at which boundaries are examined; (d) approaching bound-
aries in complex, nested systems; and (e) deciding what criteria to use in answering questions about a particular
boundary type. To facilitate the above I provide general criteria one may use for identifying ecological entities.
Such criteria should assist in focusing on boundaries appropriate for a given research question. Finally, where
advancing the theoretical framework for ecological boundaries is concerned, the diversity of boundary types will
be better served when reorganized in relation to the concept of entity as discussed below.

1 Introduction

Ecologists assume the existence of boundaries (Taylor,
2005), believe that they are important and ubiquitous in na-
ture (Laurance et al., 2001) and contend that they should
be studied. Typically ecologists ask how boundaries isolate
habitats or organisms; how they regulate the transfer materi-
als, organisms, or information; how selectively they perform
these roles (filter); and ultimately how the presence and char-
acteristics of boundaries affect neighboring areas or systems.
Presumably, these questions only gain value and clarity when
the ecological objects that are bounded are adequately spec-
ified. However, clear articulations of what objects and their
boundaries are, whether in general terms or in specific cases,
are infrequent and, when provided, may remain unsuitable
for broader use across a diversity of ecological situations (see
Strayer et al., 2003, for constructive observations). A partial
fault may lie with the missing component – insufficient spec-
ification of objects separated by a boundary. This is because

choosing boundaries without specifying objects can lead to
choosing the wrong boundaries for the research question.
This occurs for example when an observed boundary (e.g.,
physical barrier) is assumed to be important to an ecological
process or variable, but examination of entities would show
that it is unimportant at the scale studied.

To address this deficiency, the paper argues for a view of
ecological boundary as an attribute of ecological system (or
entity from now on). The preference for entity over other
terms is that the meaning of entity entails a degree of au-
tonomy and self-maintenance (cf. Kolasa and Pickett, 1989),
regardless of other applicable connotations. The paper pro-
poses that, being attributes of entities, boundaries are most
effectively investigated (i.e., with maximum accuracy and
minimum subjective guesswork) in relation to the entity they
belong to. This proposition requires an explanation of what
ecological entities are, the circumstances that lead to their
formation, the universal properties they possess, and how this
knowledge may broaden our understanding of boundaries.
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Following this core exposition, I then review how this per-
spective helps to identify and study boundaries, how it ac-
commodates differences in scale, and what limitations and
promises it has. In a nutshell – (1) the concept of boundary
is inseparable from the concept of ecological system; (2) the
ability to define the system determines the ability to define
the boundary; (3) boundaries appear at different scales on
account of the hierarchical structure of ecological systems;
and (4) boundaries have different forms and diverse conse-
quences (Strayer et al., 2003) as a direct result of the diver-
sity of subsystems constituting a hierarchy (e.g., Jax et al.,
1998).

Although many authors make general references to bound-
aries, only few explicit definitions are available. In a series of
papers, Cadenasso et al. (2003a, b) and Strayer et al. (2003)
contributed to the understanding of boundaries by both re-
viewing their kinds and attributes and offering a definition.
Specifically, Cadenasso et al. (2003a) defined boundary as
the zone of contact that arises whenever an area is partitioned
into contrasting patches. The authors also recognize that en-
tities play a role in defining boundaries when they refer to
the contrasting patches as bounded systems. However, they
do not elaborate on this aspect in depth.

The most recent definition of ecological boundary has
been offered by Yarrow and Salthe (2008). The authors ap-
pear to pick up the concept where Cadenasso et al. (2003b)
left it out and become more explicit about the necessity to
recognize the requisite role of a system: they view boundary
as a surface associated with an ecological system. Further,
they also recognize two aspects: (a) that systems are hierar-
chical, that is, composed of and included in other systems,
each with its own boundary, and (b) that a boundary must
enclose “internal discernible” processes. They believe that
without meeting this second condition, the boundary would
not have functional meaning. The first aspect is shared with
this paper, and the second aspect shows affinity to the con-
cept of integration used here.

The idea that ecological entities are pivotal to various re-
search pursuits is not new. Ecologists have long recognized
that many questions can or must be handled within or re-
lated to specific ecological units bounded in space or time
(e.g., Cousins, 1990; Taylor, 2005; Pfeifer et al., 2007). Be-
ing identifiable and discrete, these bounded units may be
termed entities. Several examples of direct and indirect com-
mitment to entities are useful. Lindeman (1942) stated this
explicitly: “An ecosystem composes of physical-chemical-
biological processes active within a space-time unit” even
though he gave no hint what that unit might be and how it
could be identified. In contrast, Post et al. (2007) propose
that the key to identification of communities and ecosystems
lies in defining their boundaries. These differences in per-
spectives and emphases underscore the lack of clarity as to
the identification of units that show boundedness, and hence
underpin the idea of boundary, which continues to be a prob-
lem. For example, a general view is that ecologists define

communities as groups of organisms living in the same place
at the same time (Fauth et al., 1996). But by leaving cri-
teria of where the (same) place begins and ends and how
large it is out from this definition, community and ecosys-
tem ecologists have little choice but to make arbitrary and
possibly erroneous decisions about community boundary. In
fact, any number of community boundaries might be chosen
based on different criteria. One of the most discussed the-
ories of species diversity, the neutral theory of biodiversity
by Hubbell (2001), has as its central notion the zero-sum as-
sumption. This assumption posits that an individual of any
species can be added to the community if another individual
is removed through death or emigration. The zero-sum as-
sumption is an implicitly entity-oriented concept because it
relies on counting individuals contained in a specified area.

One reason for why ecologists stop short of elaborating
further on the concept of boundary is that they seem to as-
sume that the boundaries are fairly obvious. But the practices
of choosing boundaries are inconsistent and, at times, arbi-
trary. An example of such practices comes from informal and
practical approaches to ecosystems that advocate drawing
research-centered boundaries (e.g., Hau and Bakshi, 2004),
with focus on the specific ecological problem but without an
interest in the properties of the boundary itself. Others focus
on natural patterns but do so in an ad hoc manner. For ex-
ample, Krause et al. (2003) interpret the separation of com-
partments in food webs as reflecting “sutures” (boundaries)
between different habitats. In this case, understanding com-
partmentalization in a food web will largely depend on the
existence and understanding of gradients among habitats and
differences among constituents of the food web. This seems
to leave the rigor of food web analysis at the mercy of sub-
jective decisions about sutures. Some ecologists have been
troubled by the desire for good criteria for delineating com-
munities (e.g., Wiens and Milne, 1989; Cousins, 1990) and
ecosystems (Levin, 1992; Post et al., 2007).

The sample of literature above suggests that the existence
of ecological entities plays a role in pursuing research ques-
tions, even when the entities are not clearly articulated and
defined. When ecologists do specify entities, they often do
so arbitrarily by adopting convenient and specialized criteria.
For example, the watershed ecosystem approach, metapop-
ulation and metacommunity, or population genetics studies
all rely on spatially delineated aggregates of organisms and
assume that these aggregates possess some distinguishing
structural and functional attributes that apply to all variables
of interest. Arbitrary does not mean erroneous but provides
little assurance of correctness. More is needed.

In some areas of ecology, particularly ecosystems sci-
ence, advances were made often without concern for spatial
boundaries. Yet, even concepts such as ecosystem functions
that are formulated without references to boundaries would
face fewer limitations if boundaries or the corresponding en-
tity were more explicitly specified. Ecosystem “functions”
are quantified, modeled, and often presented as “services”.
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However, an ecosystem function, here meant as a process
(see Jax, 2005, for review of different meanings of function),
would be difficult to examine without relating it to an entity
that carries or performs that function. Detached from an en-
tity, the notion of “function” as well as its evaluation would
otherwise keep changing in response to spatial and tempo-
ral scale of data collection and would remain, both logically
and practically, undeterminable. A sounder, less shifting no-
tion of function arises from another use – as a contribution of
one part (entity) to the rest of the system (cf. Jax, 2005). An
analogy reveals the following distinction: a unicycle wheel (a
component entity) is to move the device (the higher level en-
tity) along the road (a contribution, i.e., function), but one
half of the wheel has no such function, although it might
have another function such as stopping the bike from rolling
downhill. Irrespective of the particular use of “function”, it
is uncontroversial that change of spatial, temporal, or orga-
nizational scale matters to its interpretation, and it will thus
matter to the function of a boundary.

An obvious but not trivial challenge for effective tackling
of boundary-related questions is that boundaries appear to
occur at any scale one looks at and that boundaries may con-
tain, fully or partially, other boundaries. Considering just the
zonal structure of a lake ecosystem, one sees a boundary be-
tween a lake and surrounding land habitats, between aquatic
vegetation (which on one side shares the boundary with the
lake) and bare lake bottom area, emergent vegetation (which
on one side shares the boundary with the lake and with sub-
mergent vegetation on the other), and submergent vegetation
(which on one side shares the boundary with emergent vege-
tation and the vegetation in general on the side of bare bottom
area). Such nested overlaps and sharing of boundaries seem
universal in nature.

Although discussion of entities and their relationship to
boundaries is limited in the literature, systematic attempts
to address the question of boundaries do exist. Cadenasso et
al. (2003a) define boundaries via a pattern only as “areas of
transition, contact, or separation between the contrasting ele-
ments of a mosaic”. While this formulation appears to stress
the pattern, in the next paragraph they go on to say “that
boundaries are zones of transition between contrasting sys-
tems” – an acknowledgement of the importance of systems
(= entities) in the process of defining a boundary. I expand on
this perspective below and use some examples in support of
the idea that the absence of clarity as to what those “systems”
are may lead to ineffective or even misdirected research ef-
fort. Also, the lack of sound framework for defining bound-
aries carries risks of accumulating observations that are dif-
ficult to organize, generalize, and used in building a theoret-
ical framework from. Relevant questions thus arise. How do
we know which processes warrant investigation with respect
to a specific boundary, particularly if the boundary is shared
by large patches and their constituent smaller patches? Can
we conceptualize and investigate boundaries when they leave
no imprint on the environment, such as boundaries between

“cultural” clans of song birds (see later on for more detail)?
How do we navigate and appropriately change our specific
research questions as we change the scale of observation at
which we perceive patches and contrasts between them?

To deal with the questions and associated ambiguities
mentioned above, we may need a second look at the notion of
boundary itself. The goal of this paper is to aid in tightening
foundations for a theoretical framework needed for studying
boundaries. I believe that such a framework will be sound if
the link between the boundary and its entity is made explicit.

In summary, literature perusal indicates that boundaries
are deemed important in analysis of ecological patterns and
processes and that they are, albeit only vaguely, associated
with the notion of some kind of entity or system. Entities
received less systematic attention, even though they play a
more fundamental role in ecological research. In the next
step, I outline a more restricted view of boundary and of the
revealing relationship between it and the entity it belongs to.

2 What are entities and how do they form?

Because I contend that boundaries are derivatives of enti-
ties, I start from a premise that the ecological universe we
examine is made up of things or entities (Ulanowicz, 1997;
p. 148) that are somewhat connected and somewhat discon-
nected but never fully disconnected or fully connected. This
circumscribes the issue: identification of ecological entities
is a matter of degree related to the degree of their discrete-
ness. Some entities, depending on strength of internal con-
nection as opposed to the connections they have with their
putative counterparts (see Post et al., 2007), vary in the de-
gree to which they appear as separate objects. But what are
entities?

Entities are natural objects (cf. Kolasa and Pickett, 1989,
for theoretical foundations) that stand out from the environ-
mental matrix or are delineated from other objects through
several traits. These include autonomy, persistence, internal
coordination, and interdependence of parts that add up to a
general characteristic: integration and wholeness. The traits
vary from entity to entity both in their combination and mag-
nitude, which produces different levels of integration and dif-
ferent capacity to appear as separate objects. Highly inte-
grated entities are discrete and stand out very clearly from the
matrix while poorly integrated entities intergrade with one
another and are more difficult to discern (see also Sect. 2.1).

In addition to accepting commonality of entities, I assume
the following here: (a) boundaries are where an entity ends
(Yarrow and Salthe, 2008), (b) the entities and hence their
boundaries vary in discreteness, and (c) evaluation of the de-
gree of discreteness may require a range of methodologies.
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2.1 A case for entities as the fundamental ecological unit
in plain language

If there were no entities, then for a given scale of reso-
lution, the universe would look homogeneous and flat, al-
though perhaps inclined on occasion (gradient of conditions).
Entities imply heterogeneity within the universe of interest
(e.g., landscape, metacommunity, population, or colony), but
not just any kind of heterogeneity. They imply a particu-
lar kind of heterogeneity: one which can include a range
of entities differing in integration. Because integration de-
termines whether an observer perceives a portion of the uni-
verse as having a separate, autonomous existence (even if
only slightly autonomous), heterogeneity is seen as a state of
having areas of different levels of discreteness. When such
existence is commonly recognized, ecologists attach terms
such as subpopulation, local community (in a metacommu-
nity), caste in a colony, or successional stage in a patchwork
of vegetation types.

Does understanding how entities form assist in articulating
questions about boundaries? Is it by knowing what class of
boundary one is dealing with? And does knowing what class
it belongs to say something about the mechanism? I suggest
that the entity formation involves three types of cases: (a) bi-
ological interactions alone; (b) biological interactions modu-
lated by environmental differences (which could be gradual
or abrupt); and (c) physical environmental constraints acting
directly.

2.1.1 Biological interactions alone – examples

Two situations below represent a broad range of conditions
and ecological levels of organization where biological inter-
actions lead to emergence of entities or, in other words, a lo-
calized degree biological self-organization. Ant colonies (or
termites, wolf packs, lion prides, shoals of fish, mixed herds
of grazers) form entirely through interactions among partic-
ipating individuals. The underlying mechanisms are genetic
and behavioral. Many of such entities create a distinct spa-
tial signature on the landscape, but not all of them do. Nor
do all mechanisms underlying emergence of biologically de-
termined entities involve genetic and behavioral controls: at
the other end of the spectrum, a chance and uneven distribu-
tion of biological resources may produce partly autonomous
entities. If two or more species (often plants and their con-
sumers) interact in ways that lead to local persistence of the
actors, pockets of increased integration will emerge such as
close links between plants and soil organisms (Bertness and
Callaway, 1994; Wardle et al., 2004). Coral reefs, vegeta-
tion near prairie dog towns or termite nests (Brody et al.,
2010; Davidson et al., 2012; Fox-Dobbs et al., 2010), or self-
maintaining alternative states (e.g., Beisner et al., 2003) il-
lustrate how species interactions can form local entities. In
general, positive interactions appear to play a decisive role in

the formation of community-level entities (cf. Bruno et al.,
2003).

2.1.2 Environmentally modulated entities

This category includes cases where physical environment
does not impose limits on the extent of an entity but where a
shift in the physical regime mediates the decisive role of bi-
otic interactions. Here an entity forms through an interaction
between an environmental gradient and a differential use of
it by individuals, species, or communities. Zonation of bar-
nacles on a rocky coast (e.g., Okuda et al., 2010) exemplifies
this common mechanism, which might be expected when-
ever a change in physical conditions leads to a shift in com-
petitive abilities, vulnerability to predators and pathogens, or
in reproductive output. A general theoretical exploration of
how identifiable communities form through such a process in
a metacommunity is available in Filotas et al. (2010). While
swapping dominance between species on an environmental
gradient is not synonymous with emergence of a new entity,
an emergence of a new dominant species (e.g., a different
barnacle species) is likely to induce a shift in composition of
associated species and a new set of interactions among them
– all likely ingredients for a separate entity.

2.1.3 Physical environmental constraints

The third type of situation allowing a set of organisms to live
and interact together as a discrete entity can emerge when
physical conditions in space exceed physiological tolerance
of species, their ability to reproduce successfully, or to mi-
grate somewhere else. Ecological entities defined through
such constraints map well onto the texture of the physi-
cal landscape. Examples span a broad range of ecological
circumstances, from pitcher plant communities, small fish
populations restricted to a desert spring (see Kodric-Brown
and Brown, 1993), wetlands, riparian systems in arid areas
to insular co-evolving florae and faunae (e.g., New Zealand
or Lake Baikal). Food web compartmentalization is another
area of ecology where strong habitat differences are seen
to lead to spatially discrete networks of interactions (Power,
2006).

Prior to studying boundaries, ecological entities may be
identified and characterized using a comprehensive set of
methodological tools at ecology’s disposal. A few general
steps might help too, though. These steps are rooted in the
idea that components of an entity are more integrated with
each other than with similar components of another entity.
Integration means that these components interact more of-
ten with each other, that the majority of their interactions are
directly or indirectly positive (i.e., contributing to the persis-
tence of the components), and that they involve a measurable
degree of reciprocity.

When viewed as spatial, temporal or otherwise ordered se-
ries, differences in integration form a landscape of peaks and
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valleys, with peaks being diagnostic of separate entities (Ko-
lasa, 2005). The following gives suggestions for how to find
or map areas of that landscape where the relatively elevated
integration occurs:

a. Choose your focal entity, e.g., a colony of ants, a local
population of voles, a metacommunity of pitcher plant
invertebrates, or a lake ecosystem, to name a few.

b. Choose/decide on criteria you wish to apply to deter-
mine the extent of the selected entity. These criteria
must be appropriate (based on the best current infor-
mation and be suitable for the entity of interest), and
their quantitative expression should closely match that
implied by the research question. For example, in the
case of the ants it may be relatedness of ants within the
colony or area the colony controls. Other entities will
call for other criteria. For example, a metacommunity
might be defined by higher rates of dispersal among a
cluster of patches as compared to other clusters in the
general neighborhood. See additional examples in Ta-
ble 1.

c. Obtain and analyze data to determine the spatial (or or-
ganizational) extent over which elevated integration oc-
curs and where it drops. The extent of the elevated inte-
gration defines the bounds of the entity of interest.

Once the criteria listed in Table 1 are evaluated, boundaries
emerge as unambiguous limits of the focal entity. These cri-
teria will require development and vetting for each hypothet-
ical entity and may be used individually or in combinations
that are most likely to discriminate among candidate enti-
ties or an entity and the background template. While oper-
ational issues will never go away, the conceptual issues of
study design (including boundary questions) become much
more manageable. An example follows.

Consider an ant colony and two different ways (criteria) of
describing it. A genetic criterion of relatedness delineates the
colony from all other colonies by being 75% related among
all its female members (in haplodiploid species, females de-
velop from fertilized eggs and males develop from unfertil-
ized eggs. Thus, daughters will share 100% of fathers’ genes
and 50% of their mothers’ and therefore 75% of their genes
with each other). The relatedness between the two most re-
lated colonies cannot be higher than 62.5% on average if
they have two sisters as mothers and the same father and
just 12.5% for two unrelated fathers. Thus, the colony or-
ganizational extent is defined by inclusion of all highly re-
lated individuals. Spatial extent of ant activity matches com-
pletely the genetic relatedness of ant. However, when scent
marking of foraging area is the proxy measure of activity, the
colony extent becomes less accurately assessed because the
scent markings change over time in response to changing ac-
tivities and scent dissipation. A colony so described may in
fact overlap partly with another colony whose members make

forays into the focal colony territory, at least on some occa-
sions. Consequently, both criteria eliminate ambiguities as to
the identity of a colony, but an inadequate timescale at which
data are collected may introduce a degree of vagueness as
to its extent (because scent marking is only an approximate
measure and a transient imprint of the entity on the land-
scape), the latter being an operational issue only. Similarly,
the relatedness criterion does not account for related individ-
uals that separated from the main colony, nor for the fact that
the queens of adjacent colonies might be sisters (however,
both problems are easy to correct by adjusting the timescale
or range of expected relatedness values). In spite of these mi-
nor hurdles, both criteria are capable to identify and separate
the colony from other colonies exactly, even if their territo-
ries overlap. The operational aspects may be not as easy as
for the ant colony when communities are considered but the
anchoring the investigation in the concept of entity should
help nevertheless.

3 Entity and its relation to boundary

In line with the earlier statement, boundaries represent a phe-
nomenon and they do not have independent existence but are
products of a relationship between two adjacent entities or
of an entity and its surroundings. A somewhat different view
was taken by Yarrow and Salthe (2008), who allow for giv-
ing the boundary independent status (i.e., as a separate en-
tity). Nevertheless, this paper’s thesis implies that there is no
boundary between a forest patch and a grassland if the for-
est is missing and no boundary between ant colonies with-
out ants. This further means that identification of boundaries,
from the logical standpoint, requires identification of entities.
The hierarchical nature of entities is a major characteristic
that affects understanding of boundaries: as entities are hier-
archical (Kolasa and Pickett, 1989; Cadenasso et al., 2003a;
Allen and Holling, 2008), so are boundaries. This further im-
plies that

a. boundaries tend to become more diffuse and less de-
fined as integration – and thus discreteness – decreases.
And, because integration declines with increasing scale
(organizational level of entity), so too does boundary
definition in terms of organization or space;

b. identifying entities from boundaries alone is unreliable
because more than one boundary of similar material ex-
pression but belonging to different entities may exist at
several scales of resolution;

c. analysis of boundaries carries risks of mixing their dif-
ferent types in the analysis whenever entities are inad-
equately specified (i.e., boundaries produced by enti-
ties between which essential differences were not rec-
ognized);
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Table 1. Entities and possible criteria that could be used in defining them (examples). The criteria here are for the sake of argument rather
than supplying a particular area of research with solutions. They aim to show that entities can be defined without employing the concept of
boundary even if boundaries, once determined, may be useful in identifying entities.

Entity type Applicable criteria Indicators of elevated integration (to be
(examples) interpreted in contrast to other candidate entities)

Ant colony – relatedness High relatedness among colony members
– spatial proximity of components (individuals) High average proximity
– ability to survive independently Low ability to survive independently of the rest of colony
– individual recognition Colony members can identify each other as such

Local vole population – probability of encounters among individuals High
– relatedness/or recognition High on average among population members relative

to non-members
– population size Viable if isolated
– population density Elevated

Metacommunity of pitcher – dispersal High among patches belonging to a given
plant organisms metacommunity

– participation in one food processing chain Shared (locally)∗
Lake ecosystem – spatial coherence of components and processes High relative to that between lake ecosystems

– nutrient cycles Fairly complete
– available energy pool Shared among components

∗ Note that metacommunity may comprise nuclear communities or groups of such communities.

d. when different entities encounter environmentally mod-
ulated discontinuities (vegetation edges, geological
and hydrological discontinuities), their boundaries may
align together and thus pose a challenge to analysis of
their individual properties and effects;

e. because entities behave so, boundaries can form at any
point of a gradient from pure environmental drivers to
biological interactions alone (see section on the forma-
tion of entities).

Below, I make additional comments on the items above. En-
tities differ in their integration or an overall degree of cohe-
sion and interaction strength among entity components. Be-
cause of the defining role of entities, the strength of posi-
tive interactions (connections) among components of an en-
tity decides how conspicuous and sharp its boundary appears.
Within this framework, a zone of low connection strength
around a core of higher connection strength emerges as the
entity end and thus a boundary. This zone may have an obvi-
ous and tangible form or may be virtual in nature as in terri-
torial borders between nesting bird pairs. As in the latter no
physical boundary is present, the boundary is delineated by
a drop in bird-to-bird cooperative interactions and, in some
cases, by an increase in antagonistic interactions. The pres-
ence of physical discontinuities, or discontinuities due to
other biological processes, may reduce interaction strength
among ecological objects and thus aid in formation of sepa-
rate entities and ensuing boundaries. In such cases environ-
mental discontinuities create and coincide with at least some
boundaries (as suggested by case “c” in the section on ways
by which entities form).

Another implication of linking boundaries to entities re-
lates to the former being seen as filters (Fagan et al., 2003)
between an entity and its neighbors or broader environmen-
tal matrix. These filters affect the rate and quality of the ex-
change of materials and information between adjacent enti-
ties. The strength of boundaries and hence their role as filters
can vary, and it generally declines with the increase in the
size of the system and concomitant decline of its internal in-
tegration.

Discreteness of entities affects the nature and perception
of boundaries. Once entities are identified at the scale of in-
terest, the boundaries between them are exposed, but no more
than discreteness of the respective entities permits. However,
entities at a higher level of organization – those containing
other component entities – are as a rule less integrated (Ko-
lasa and Pickett 1989) and hence more difficult to concep-
tualize and quantify. Furthermore, entities at several organi-
zational levels may possess boundaries of similar material
nature. When entities are nested, these boundaries are su-
perimposed. Here, the combined complexity of scaling and
nestedness challenge boundary detection and the discovery
of the ecological consequences of these boundaries. A graph-
ical summary (Fig. 1) exposes some of the consequences.

One of these issues is methodological. While projecting
entities onto a two-dimensional space leaves an imprint of
boundaries (Fig. 1c), it would be difficult if not impossi-
ble to reconstruct the nature and arrangement of entities that
formed it. This difficulty would become clear if panels 1A
and 1B were removed. The reverse mapping, from pattern
to entity, becomes less reliable than from entity to pattern.
For example, at coarse analytic resolution, two ant colonies
might overlap in the use of space, which would carry a risk
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Figure 1. Relationship between entities, their boundaries, and a
pattern (of black ink in this case). (A) a hypothetical two-level or-
ganization of an ecological system (amount of grey symbolizes in-
ternal strength of interactions; (B) spatial projection of the orga-
nization above and a sampling transect (broken line); (C) typical
ecological data (here the data are density of black pigment on a
transect marked in (B). Note that a progressive loss of boundary
discreteness expected in higher level entities is not shown in (C).
The continuous arrow on the right indicates direction of successful
mapping. The broken line indicates direction of increasing difficulty
(entities become more difficult to identify when one starts with the
pattern only). Lighter shading of the line indicates increased ambi-
guity. Note that boundaries arise at different levels of organization,
which allows for different processes, whether biological or geomor-
phologic, to be nested, to overlap, intersect, and to interact in com-
plex and specific ways, depending on the system of interest. In this
model, the tension between community based approach to bound-
aries and those associated with ecosystems (cf. Post et al., 2007)
can in principle be reduced, if not entirely eliminated.

of assigning individuals of one colony into the other and
so making reconstruction of an entity from an instantaneous
record of spatial extent inaccurate. Indeed, a subsequent anal-
ysis of cooperation, food sharing, defense, and other biologi-
cal processes would be seriously impaired if colony members
were assigned to incorrect colonies. This illustrates asymme-
try of the discovery process, which sets the limits on for-
mulating questions about boundaries before reaching suffi-
cient clarity as to which entities they pertain to. The task be-

comes even more difficult when boundaries have more com-
plex shapes such as disjunct, diffuse, or mosaic (cf. Schaefer
et al., 2011; Kolasa and Zalewski, 1995). Thus, although dis-
continuities in the pattern can suggest existence of entities
(cf. Bandelj et al., 2012, for recent efforts on detecting hier-
archically arranged metacommunities and their boundaries),
they do not define those entities consistently. Boundaries de-
fined by entities do not suffer from this serious problem.

Admittedly, discontinuities in pattern may be easier to de-
tect than the entities that produce them (see for the range of
methods for the former in Fortin et al., 2000), and thus the
detection of discontinuities can serve, when used with cau-
tion, as a tool to construct a tentative, possibly testable, view
of entities that underpin them.

The general view proposed here – using entities to ground
ecological investigation – offers another advantage. It allows
boundaries to be seen even when contrasts between patches
are absent (think of two adjacent ant colonies), when discon-
tinuities in habitat attributes are absent, and when no sharp
transitions take place. For example, sharp boundaries will
not be found whenever a transition from one entity to an-
other is gradual. Thus, logical clarity does not guarantee the
ability to draw a well-defined boundary between two enti-
ties as may be required for sampling design and statistical
analysis. Nevertheless, logical clarity provides a sound ba-
sis for empirical refinements, or arbitrary decisions if nec-
essary: in colonial corals it is easy to identify two adjacent
polyps – the two entities. An investigator will have no doubt
that, for some questions, these two polyps warrant a sepa-
rate treatment. No amount of empirical work, however, is
likely to find where a boundary between them is because of
its gradual or diffuse nature. To set this boundary one could
choose an equal distance from mouths of the polyps, or the
point where ectodermal cells receive equal amount of nutri-
ents from each polyp in question. Despite the arbitrariness
of these criteria, the decision can be seen as sound because
its conceptual basis (an assumption of two entities) provided
a good starting point. Thus, broad, fuzzy, and gradual transi-
tions should not a problem. Assemblages of organisms on in-
dividual patches of coral reefs (Fig. 2) illustrate another issue
that is resolved by using ecological entities as criterion for
identifying boundaries. Here, an ecological entity is discrete
and well defined by the lifestyle of the species living on a
patch reef. Many of these species, if not a great majority, live,
hide, feed, and reproduce on the patch reef or in its immedi-
ate proximity (e.g., Green et al., 2012). Organisms living on a
single patch form a distinct local community clearly separate
from communities on neighboring patches. When a patch is
far enough from other patches, the community boundary is
emphasized by the contrast between area under the grazing
pressure and the ungrazed area farther away. However, when
the patches are closer and the grazing halos merge, the con-
trast disappears even as the assemblages remain distinct and
their boundaries remain unchanged. To determine the bound-
ary of assemblages enclosed within the merged halo areas, it
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Figure 2. Coral reef patches surrounded by halos of sand produced
by herbivore members of a patch assemblage (fish, mollusks, and
sea urchins) who remove sea grass and algae. Boundary of the patch
assemblage is visible where halo contrasts with the grass and algae
area but requires different identification criteria when two or more
halos meet. A typical single patch halo is about 25–45 m across,
with a darker coral patch at the center ranging from 5–15 m in di-
ameter. Image copyright 2014 CNES/Astrium.

will thus be necessary to use an entity-oriented perspective
and, for example, map activities of organisms associated with
the local reef patch.

Because boundaries emerge between ecological entities
that operate at a range of scales and because a range of dif-
ferent processes, mechanisms, and physical expressions can
create boundaries, it is impractical to concentrate on specific
methods for detecting boundaries. Further, because compo-
nents at different levels of ecological organization differ in
properties, their boundaries will have different material ex-
pressions. It is quite clear that different criteria would be used
to find boundaries among clans of song sparrows, members
of which sing differently and songs that reproductively iso-
late clans than among allopatric populations, e.g., wolf packs
(Fig. 3) or among different watersheds. Similarly, different
measurements at different levels of resolution may be needed
to detect boundaries at different scales. Boundaries of com-
munities in pitcher plants are discrete and easier to define
than boundaries between pitcher plants (cf. Miller and Knei-
tel, 2005); a lion pride boundary is easier to define (in terms
of membership or territory, whatever the focus) than that of
a lion population. Similarly, wolves on Isle Royale in Lake
Superior form one genetic unit (Adams et al., 2011), but this
population of genetically related individuals split into two
antagonistic packs. Thus, genetic boundaries may not coin-
cide with ecological (or social, in the case of these wolves)
ones even in a case that one would suspect such an overlap
– a fact that is only revealed when employing entity-specific
criteria and reviewing boundaries at several scales.

Figure 3. Wolf pack territories have boundaries (year 2004) that ex-
tend over different habitats and thus ignore the majority of habitat
discontinuities. Territories may also overlap and boundaries inter-
sect. This case illustrates that a search for “visible” or pattern-based
boundaries has conceptual weaknesses and practicalities. Map of
territories adapted from http://www.nps.gov/features/yell/slidefile/
mammals/wolf/Images/18175.gif

4 Kinds of boundaries

In line with the argument that boundaries are where ecologi-
cal entities end or meet, I identify various kinds of boundaries
as defined by the mechanisms that separate entities as well as
by entities to which they refer. An excellent classification of
boundaries (Strayer et al., 2003) often applies to and expands
on the list below. Boundaries can take a great range of ma-
terial forms and be created by a vast number of processes.
Literature usage of the term “boundary” is quite diverse, too.
Boundaries have been referred to as edges, ecotones, bound-
ary layers, gradients, clines, transition zones, interfaces (Ca-
denasso et al., 2003b), sutures, as well as species range limits
(Maurer and Taper, 2002). Such a diversity may be seen as a
testament to the absence of established theoretical framework
with which to approach boundaries, although more recently
Post et al. (2007) reviewed the relationship between the iden-
tification of ecosystems and the role of boundary in this ef-
fort. Post et al. (2007) also anchor their search for boundaries
in the idea of entities (ecosystem in their case) that are de-
fined by strong internal interactions. In this paper I generalize
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this to include all ecological entities. Using ecosystems, they
focused on two general kinds of boundaries: structural and
functional. Generalizing on their review, I suggest further ex-
amples from various areas of ecology, each with many per-
mutations, and mixes of boundary-creating forces include the
following:

a. “Cultural” boundaries similar to those that occur be-
tween subpopulations of song sparrows that produce
songs in different dialects. Individuals select breeding
partners on the basis of their song similarity and inherit
the song dialect from their parents. The combination of
the preference and inheritance forms an effective bar-
rier among groups of individuals that otherwise face no
other obstacles to interbreeding. These kinds of bound-
aries are likely to occur within communities and ecosys-
tems.

b. Territorial boundaries between territorial individuals or
groups (prides of lions, wolf packs, individual cats, fam-
ilies of bee-eaters) remain enforced by antagonistic be-
haviors and often involve ritualized threats and physical
markings such as scent or scratches. As cultural bound-
aries above, they do not appear to separate communities
or ecosystems but form within those entities. The above
applies only to the most popular uses of the term com-
munity and ecosystem. Communities may indeed form
within territories: invertebrate inhabitants of a bird nest
can be treated as a community even though they form it
within a bird territory, but such a view does not under-
mine the general concept of territorial boundary here.

c. Range boundaries containing migratory populations and
maintained by a combination of bounding factors –
some of which may include geographical obstacles, sea-
sonality, distribution of resources, or historical patterns
remembered by individuals with migratory experience
or encoded genetically as instincts. Migration ranges
are likely to include more than one community and/or
ecosystem. It is possible to consider the ecological en-
tities spanned by a migration range of some species as
higher level systems. For example, the Serengeti can be
seen as a large ecosystem integrated by moving popula-
tions of large grazers. At the same time, the Serengeti
includes many smaller and better defined ecosystems
(Gillson, 2004). The relationship between the commu-
nity/ecosystem and the organisms operating at broader
spatial or temporal scales has been recognized as diffi-
cult one, and not yet resolved (O’Neill, 2001). Nonethe-
less, the hierarchical view that allows smaller ecosys-
tems be part of a larger one might offer a solution (see
further below).

d. Boundaries among associations of individuals caused
by biotic interactions such as predation, mutualism,
or competition. Examples include empty sand halos

around patch coral reefs caused by predation on algae
by reef residents, or zones of organisms formed along
physical gradients such as those present on mountain
slopes or rocky shores. Similar boundaries may also
form through indirect effects of interactions between
physical and biotic processes. For example, stream
damming by beavers creates ponds and wetlands clearly
delineated from the surrounding forest largely because
of changes in hydrology. However, such boundaries are
not conceptually different from those listed in the next
item. They deserve a distinction because of the tradi-
tion of ecological research more than because of being
a separate category.

e. Boundaries among communities and ecosystems. These
boundaries often form in response to physical land-
scape features that disrupt continuity of constituent pop-
ulations and lower the intensity of interactions among
them. In some cases such as coral reefs, or habitats with
important ecosystem engineers (e.g., beavers, prairie
dogs), biological activities make mechanism attribution
unclear. Nevertheless, topographical, hydrological, ge-
ological, or climatic variation in a landscape separates
groups of species and thus contributes to partial dif-
ferentiation of composition, interactions, and dynam-
ics within such groups. The abrupt nature of change in
physical features inevitably coincides with change in the
flux rates at which matter, materials, and individuals ex-
change across gradients that form along physical transi-
tions. Once separate ecosystems are established, inter-
nal processes may contribute to, enhance, and perpetu-
ate the original discontinuities that initiated the emer-
gence of separate ecosystems to begin with.

f. Boundaries between ecosystem complexes such as
biomes. Such boundaries represent, consistent with the
concept of biome, responses to edaphic and climatic
conditions. Usually, they involve broad transition zones
which pose the same classification difficulties as the
separation among polyps of a coral colony. Categories
appearing under heading “e” and “f” are mentioned
here to conform to the prevailing uses in ecology
rather than to claim well-defined differences. Distinc-
tions about communities, ecosystems, and biomes are
contingent on scale, research conventions, and method-
ological choices. Abandoning this terminology and re-
placing it with the concept of entity defined by attributes
mentioned earlier (Table 1) may be ultimately more use-
ful in study of boundaries. For the moment, I keep the
conventional distinctions for the sake of familiarity.

One might be tempted to identify boundaries whenever
contrasts exist between adjacent patches (assumed to be dif-
ferent entities). For example, Chust et al. (2003) developed a
multilevel approach to quantifying the landscape grain based
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on the concept of contrast, that is, the magnitude of differ-
ence in measures across a boundary between adjacent patch
types. This approach may be effective under some circum-
stances but is unlikely to work for situations where entities
are similar yet distinct (i.e., separated by decrease in interac-
tion strength or by antagonisms), such as between two adja-
cent plants of the same species or two prides of lions.

Based on this brief overview, it is possible to identify ma-
jor ways in which ecologists have attempted to approach
boundaries. So far, I identified at least three themes or ap-
proaches to boundary recognition: (i) steepness of a gradient
in a variable, (ii) the amount of contrast between adjacent
patterns, and (iii) entities as “owners” of boundaries. Post et
al. (2007) provide a more concrete listing of specific physi-
cal and biological processes typically associated with either
structural or functional boundaries, although their immediate
focus is limited to ecosystems.

5 Discussion and summary

The concept of boundary becomes clear in conjunction with
the concept of entity (system). A general unification offered
by this view may be particularly useful given the diversity of
material differences among boundaries. The ability to define
the entity determines the ability to define the existence and
properties of the boundary (and vice versa) within a refer-
ence framework. Because ecological systems have hierarchi-
cal structures, boundaries among components will appear at
different observer scales (see Strayer et al., 2003, for consid-
erations of grain and extent; and Yarrow and Salthe, 2008,
for an excellent account of the hierarchical nature of bound-
aries).

Because entities at different levels of ecological organi-
zation differ in properties, their boundaries will have differ-
ent material expressions and so origin, properties, and asso-
ciated mechanisms. Nevertheless, keeping primary focus on
entities should improve tracking and comparing those differ-
ences in unambiguous ways, and thus offer an advantage over
the current practice. Consequently, a productive research pro-
gram outlined by Cadenasso et al. (2003a), with focus on
causes and forms of ecological boundaries, should benefit
from recognition that this material diversity of boundaries
can be seen through a lens of conceptual unity. Only then,
after the boundary between entities has been specified, the
variables and the observations scales most appropriate for the
research question can adequately quantify, fully and effec-
tively explore, and help interpret the role of boundaries (see
Laurance et al., 2001).

Depending on the nature of the system, boundaries can be
discrete or diffuse (recall the difficulty of determining where
one coral polyp ends and another begins). When boundaries
form on continuous environmental gradients, this particular
indeterminacy may take the form of intergrading, or grad-
ual change from one entity to another, especially at larger

spatial scales where entity integration is weak. Furthermore,
because external conditions and state of entities change over
time, so do the boundaries: they are dynamic – their loca-
tion, discreteness, and strength will vary. Finally, because
the conceptualization and detection of entities depends on
the scale of observation and processes under consideration,
boundaries are also scale-dependent. This may imply that a
search for boundaries may require different types of data de-
pending on whether one looks, for example, at a local pop-
ulation or at its subunits (such as it social groups). Keeping
an eye on the entity as a prerequisite for deciding on the rel-
evant questions about its boundary should help in navigating
through the multitude of boundary types and aspects such as
origin, structure, shape, functions, and dynamics.

Ecologists, whether they recognize it or not, loosely think
in terms of entities. So it is logical to define research ap-
proaches in those terms, and follow the same general criteria
and rules for entity detection whenever boundaries become
the focus of attention. In closing, I reiterate that advancing
theoretical approach to boundaries requires refocusing on
ecological entities. Entities define the appropriate scale for
studying boundaries, entities are recipients of transfers, fil-
tering, and separation that boundaries engender, and entities
provide guidance as to which kind of boundary is relevant,
irrespective of whether it is conspicuous or not.
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