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Interaction between habitat and species is central in ecology. Habitat structure may be conceived as being
hierarchical, where larger, more diverse, portions or categories contain smaller, more homogeneous por-
tions. When this conceptualization is combined with the observation that species have different abilities
to relate to portions of the habitat that differ in their characteristics, a number of known patterns can be
derived and new patterns hypothesized. We propose a quantitative form of this habitat-species relation-
ship by considering species abundance to be a function of habitat specialization, habitat fragmentation,
amount of habitat, and adult body mass. The model reproduces and explains patterns such as variation
in rank-abundance curves, greater variation and extinction probabilities of habitat specialists, disconti-
nuities in traits (abundance, ecological range, pattern of variation, body size) among species sharing a
community or area, and triangular distribution of body sizes, among others. The model has affinities to
Holling’s textural discontinuity hypothesis and metacommunity theory but differs from both by offering
a more general perspective. In support of the model, we illustrate its general potential to capture and
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explain several empirical observations that historically have been treated independently.

© 2012 Published by Elsevier B.V.

1. Introduction

Recognition that ecological phenomena occur at various scales
has informed ecological research for over 20 years. Allen and Starr
(1982) made the first comprehensive review of the conceptual and
practical issues associated with the multiscale nature of ecology,
which they centered on a hierarchical view of ecological systems.
Following from this initial work, the scale-dependence of eco-
logical patterns became a major focus in ecology, as well as the
interaction of processes at various scales (e.g., Davies et al., 2005;
Sandin and Pacala, 2005). The application of this view to research
problems of community and ecosystem ecology was particularly
successful with respect to interpretation of ecological patterns but
less so in formulating testable hypotheses. Instances where such
hypotheses have been formulated are limited; Kolasa (1989) pos-
tulated the existence of discontinuities in community structure
and Holling (1992) proposed a link between landscape texture
and body size distributions (textural discontinuity hypothesis).
This modest record contributes to a more limited recognition and

* Corresponding author at: Department of Biology, McMaster University, 1280
Main Str W, Hamilton, Ontario L8S 4K1, Canada.
E-mail address: kolasa@mcmaster.ca (J. Kolasa).

0304-3800/$ - see front matter © 2012 Published by Elsevier B.V.

understanding of the hypotheses and predictions arising from the
multiscale perspective than they deserve to have. However, the
hierarchical view of ecological systems has significant potential
for explaining old and predicting new processes, patterns, and
relationships. An approach that has the ability to account for obser-
vations that had previously required separate and unconnected
models - a case of retrodiction — would be particularly useful.

We attempt to address this need by reviewing the predictions of
hierarchy theory as applicable to broadly defined community ecol-
ogy and by generating further testable hypotheses derived from a
single conceptual construct. Specifically, we advance a model link-
ing the structure of the environment to structure and dynamics of
communities and to properties of their constituent species. First, we
describe the model to accommodate various ecological premises.
Then we formalize its quantitative potential. Finally, we apply it to
a selection of contemporary problems in ecology.

2. Verbal and graphical model of habitat-species
relationship

2.1. Habitat structure

Any habitat, aquatic or terrestrial, is a nested mosaic of smaller
habitats such that larger fragments contain smaller subcategories,

http://dx.doi.org/10.1016/j.ecolmodel.2012.03.030
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Fig.1. Anexample of hierarchical structure of habitat-Okavango delta swamps. Depending on the chosen level of resolution, the swamp can be represented as a homogeneous
habitat of one kind, or as two subcategories of aquatic and terrestrial patches, or as a collection of microhabitats within each of the two categories. The process of zooming

in can continue as desired.
Photograph by Calvin Jones, with permission.

and those in turn are composed of even finer microhabitat sub-
categories that are even smaller (Fig. 1). Indeed, the metaphor
provided by the pictorial example can be extended to other dimen-
sions. Specifically, we assume that habitat is a nested hierarchy of
multidimensional volumes (for detailed discussion see Kolasa and
Waltho, 1998). Because any habitat dimension except time can be
mapped onto space, we interpret the habitat as (1) a hierarchi-
cal mosaic of patches with (2) lower-level patches nested within
higher-level patches, and (3) with each level having a distinct set
of attributes arising from distinct processes (Fig. 1). It is the inter-
action of such habitat hierarchy with a subset of species from the
regional species pool that determines which of these attributes are
meaningful and thus worthy of consideration. Also, while this struc-
ture is best conceived as multidimensional, it is likely that one or
very few dimensions exert major influence on the performance of
any single species (Polechova and Storch, 2008). The commonly
accepted notion of a limiting factor provides solid logical support

for this assumption. If one factor limits abundance and distribution
of a population, whether it is a resource or constraint of some other
nature, the other factors, by definition, do not play such a role at
the same point in time or play roles too minor to consider.

To examine the model properties we use two dimensions
only. Two dimensions provide the model with a spatial attribute,
although this considerable simplification does not convey any spe-
cific configuration of actual habitats in space. The model identifies
the total amount of space a particular habitat occupies on average
relative to a higher-level habitat unit. Each unit can take various
configurations in space. It can occur as a contiguous patch, or it can
differ in size and be split to differing degrees (Fig. 2a-c). Regardless
of spatial configuration, two habitat types are represented in the
model as two subunits (Fig. 2d) that are members of a single, higher
level unit. Extending this approach permits representation of the
whole habitat as a nested structure of units emerging at increasing
levels of resolution (Fig. 3).

Please cite this article in press as: Kolasa, J., et al., Predictions and retrodictions of the hierarchical representation of habitat in heterogeneous
environments. Ecol. Model. (2012), http://dx.doi.org/10.1016/j.ecolmodel.2012.03.030
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Fig. 2. A simplified view of habitat hierarchy showing species categories defined by their use of two different levels of resolution. Each of two types of habitat can show
different level of fragmentation and total habitat size. (a) Both habitats have the same fragmentation and size. (b) Dark habitat has twice the fragmentation of the light habitat
but only one-eighth of area. (c) Dark habitat has the same area as in (b) but is four times more fragmented. (d) All of the ‘realistic’ configurations produce a model with two
levels of resolution and two habitat types that can be used by a three species community: two specialists at the lower level and one generalist at the higher level. Values of

Si, Hi, and p; are given for the dark type only.

2.2. Relationship between species and habitat structure

The relationship between species and habitat assumes the fol-
lowing:

(1)Habitat generalists use the largest habitat units; thus increas-
ing habitat specialization results in the use of progressively smaller
habitat units nested within the larger ones and (2) the density of a
species varies positively with the habitat unit size and negatively
with the degree of unit isolation from other similar units (cf., Kolasa,
1989 for evidence).

Thus, according to the model, the density of generalists will
be proportional to the continuous area of the top-level habitat
defined by the two dimensions in Fig. 3. The situation is differ-
ent for specialists at the two lower levels. Although their densities

Broad range
species (habitat

N

Intermediate
range
species

Low o

Narrow
range species
(habitat specialists)

Resolution

High

>

Dimension 1

Fig.3. Ahypothetical habitat structure able to accommodate 21 species correspond-
ing to 21 habitat types (from top to bottom: 1,4, 16). Note that habitat grain, size, and
diversity change with resolution. From species’ perspective, the habitat becomes
smaller and more fragmented at higher levels of resolution (i.e., lower levels of
structure).

are related to the area of the habitat used, the expected density
is different because their habitats appear as single patches nested
within the generalist’s habitat. In a habitat mosaic, these habitats
are repeated in space but remain separated remain separated from
each other by patches that the specialist cannot exploit. The more
specialized the species, the greater the average geometrical and
ecological distance (e.g., barriers of unsuitable habitats) between
suitable units of the environment. Fragmentation of a habitat unit
itself (cf,, Figs. 1 and 2c) can exacerbate this barrier effect. In a
sense, resources available to a specialist become diluted in the
patchwork of other habitat units. It is reasonable to assume that a
specialist species experiences higher energy and population costs
(suchaslossof individuals travelling over unsuitable habitat), when
it uses patchily distributed habitats. Good dispersers can reduce
these costs, but they cannot avoid them entirely. By contrast, in
the model, generalists experience a continuum of suitable habi-
tat. There may be several components to the costs experienced
by specialists, including energetic costs of travel, mortality during
dispersal, decreased foraging efficiency through failure of finding
patchily distributed resources, or due to finding and settling in low-
quality (sink) patches. From here, we assume these costs reduce a
species’ density in response to the degree of the habitat fragmenta-
tion and amount as experienced at the specialist level as compared
to the generalist level. The main benefit accrued from being a habi-
tat generalist comes from the lack of fragmentation costs. Habitat
specialization can bring some benefits to a species when the spe-
cialization coincides with higher resource availability or higher
quality patches in general. However, the conceptualization of the
habitat-species relationship does not imply such a coincidence as a
rule, although it permits it as a part of variation due to variability of
habitat quality and to diversity of species traits. Instead, the concep-
tualization emphasizes the notion that specialization is a function
of what is permitted in a given broader habitat unit. A permissible

Please cite this article in press as: Kolasa, ]., et al., Predictions and retrodictions of the hierarchical representation of habitat in heterogeneous
environments. Ecol. Model. (2012), http://dx.doi.org/10.1016/j.ecolmodel.2012.03.030
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habitat may be good or poor and is, on balance, probably neutral
when a large collection of species is considered.

A plausible consequence of the reduction of available resources
along the gradient of specialization is an assumption that body size
is negatively related to ecological range and, consequently, to the
amount of habitat and its fragmentation (see Ziv, 2000 for details).
While the generality of this assumption is yet to be proven, a num-
ber of studies show that habitat specialists tend to have smaller
bodies (e.g., Kotze et al., 2003; Garcia-Barros and Benito, 2010;
Symonds and Johnson, 2006 but see Hui and McGeoch, 2006 for
a more complex picture that resembles one reported by Marquet
et al,, 1995). Additional theoretical and empirical evidence for this
assumption has recently been provided by Tokeshi and Arakaki
(2012) who showed that body size of aquatic invertebrates declines
with fractal dimension of habitat texture - a strong correlate of
habitat subdivision into small usable fragments.

3. Formal model of habitat-species relationship

In the most general sense we earlier proposed (Kolasa, 1989;
Kolasa and Waltho, 1998) that

Species density o k * (specialization x habitat attributes)

where k is an adjustment constant applied to the all species in a
community under consideration; it adjusts the species density for
the taxonomic group, habitat type, or any other intercommunity
differences not covered by the remaining terms.

In community ecology species density is often and conveniently
expressed as a share of total community abundance - relative den-
sity or abundance. The approach we advance here aims to obtain
the relative density of a species with respect to the top generalist
(cf., Fig. 2d). To do so we rely on a species’ specialization as being an
indicator of species performance (when made relative to the broad-
est range of ecological variables exploited by the least specialized
member of that community; Figs. 2d and 3). The maximum ecolog-
ical range practically available to any species within a given species
pool corresponds to the range of the top generalist in the habitat
hierarchy, Sg. The ecological range of other species in that commu-
nity will be denoted as S;, The ratio of these two quantities S;/Sg
gives the relative amount of habitat (resources) types available to
species i. Species density, N;, will also be affected systematically by
the actual amount of the habitat, H;, and by its fragmentation. The
relative amount of the habitat available to species i is evaluated by
the ratio of H;/Hg. H; or the habitat portion available to the species
i may be further broken into separate patches and thus exacerbate
population penalties due to reduced habitat availability alone (cf.,
Fig. 2c). The latter can be expressed as p;, where p; is the mean
size of patches into which habitat of species i (H;) is meaningfully
fragmented expressed as a fraction of the total habitat Hg under
consideration. Many different measures of fragmentation exist but
all have major limitations (Fahrig, 2003). Mean number of patches
in combination with the total amount of habitat available to species
i offers a sensible approximation of both the breakup and limited
access or loss of habitat (fragmentation effect). Indeed, there are
other aspects of fragmentation that may modify the predictions.
Mean isolation and connectivity arising from patch shape, posi-
tion, or the nature of habitat matrix may all increase or decrease
the fragmentation effects (e.g., Fahrig, 2003) but such refinements
are not the focus of the general model. Finally, the model can be
made more realistic by adjusting the predicted abundance for allo-
metric regularities such as a negative relationship between body
size and population density. If necessary, other factors affecting
the expected density such as species trophic position or metacom-
munity dynamics (unusually limited or strong dispersal ability) can
also be factored in if necessary.

Thus, when the habitat specialization of species i and the frag-
mentation of its habitat are known, we propose to calculate its
abundance as:

k (S H;
Ni:m (S;*I_I;*pl)
where N; (scaled between 0 and 1) is the relative density of species i
of adult mass M (kg), with specialization of S;, and b is the allometric
scaling coefficient empirically determined to approach 0.75 (e.g.,
Carbone and Gittleman, 2002) for samples including a large number
of species. Sg is the ecological range of the most general species in
a community, H; is the portion of the habitat used by species i and
pi is the mean size of patches into which the habitat of species i
is effectively broken within an a priori defined unit of comparison.
Depending on the kinds of organisms, severity of fragmentation,
and dispersal abilities p could be replaced by other measures such
as H; over median patch size, for instance, to better approximate
the effect of patchiness on the costs to species i. Finally, k (in kg)
is an adjustment factor for any relevant modifier of the expected
density, such as resource quality, trophic level, taxonomic group,
or dispersal, that is not implicitly or explicitly included in terms
describing the amount and fragmentation of the habitat.

To explore some consequences of this formalization, we assume
that habitat specialists tend to have either smaller body size or
lower population density or a combination of both to reflect and
compensate for an indirect effect of declining habitat availability.
For simplification, let us represent expected N; as linked to body
mass via a power function and as being proportional to the relative
amount of habitat, H;, and fragmentation, p;:

=L Hixpi
I_Mb* Hg

(3.1)

(3.2)

The probability of local extinction of a stochastically varying
population, Pe, is a function of N such that:

N
e (3

b
where d is the death rate and b is the birth rate. The arithmetic

relationship between the difference between b and d (or per capita
increase, r) and the ratio d over b can be expressed as:

%=(f+g*r)’1

(33)

(3.4)

where f and g are constants defined by mean values of death and
birth rates. By substituting for N (from Eq. (3.2)) and ignoring the
intercept constant f we can write:

Py = (g s r)(1/M<(Hixp;)/ (Hg) (3.5)

Finally, by solving for M we find that for the probability of
extinction to remain constant for any species in a community, mass
should decline with the decline of available habitat according to the
coefficient:

M; = {/H * p;/10gg (Pe) * Hg (3.6)

The habitat-based model, HBM, outlined above (Eq. (3.1)), has
a number of consequences. Some are novel predictions that are
uniquely derived from this model while others address previ-
ously unsatisfactorily explained patterns (retrodictions). Below we
review the model implications in two sections, community predic-
tions and body size predictions.

3.1. Community predictions
3.1.1. Accelerated decline of N with the decrease of habitat range

The habitat size (or multidimensional habitat volume) that is
available to a species declines with species’ specialization (cf.,

Please cite this article in press as: Kolasa, ]., et al., Predictions and retrodictions of the hierarchical representation of habitat in heterogeneous
environments. Ecol. Model. (2012), http://dx.doi.org/10.1016/j.ecolmodel.2012.03.030
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Fig. 3). From Eq. (3.1), species specialization is a relative term eval-
uated by the ratio S;/Sg. When S; becomes narrower, the portion of
habitat H;/H; used by species i also becomes smaller. Their prod-
uct will lead to an accelerated decline of N;. A commonly reported
species range-abundance relationship (McGill, 2003; Julliard et al.,
2006) is an inevitable consequence of this effect, regardless of
whether or not other mechanisms contribute to its emergence (e.g.,
Holyoak and Loreau, 2006). Furthermore, the model explains why
the slopes of range-abundance relationships are highly variable;
they should be if the species specialization and habitat struc-
ture both differ from community to community. Mouquet and
Loreau (2003) have approached the range-abundance question
using a formal model, in which the main variables are dispersal
and competitive abilities, and reached similar conclusions. This
convergence may be due to the fact that the HBM focuses on
heterogeneity (cf., Mouquet et al., 2006) and analyzes ultimate out-
comes of dispersal, colonization success, competition, predation,
and other, potentially indirect, constraints of species distribution
and abundance.

3.1.2. Increase in the relative variability of specialists

Habitat specialists are commonly believed to be more vulner-
able to environmental change, which may affect their population
variability (Munday, 2004). HBM provides a theoretical justification
for this idea. The primary argument in support of this prediction
is couched in hierarchy theory. The theory posits (O’Neill et al.,
1986) that lower level components operate at higher frequencies
(with respect to the community, this implies rate of population or
occupancy change) than the higher level components (generalists;
Fig. 3). Thus, for a given window of observation, the relative vari-
ability of specialists should be higher than that of the generalists
(details in Waltho and Kolasa, 1994). This prediction has received
empirical support for fish (Waltho and Kolasa, 1994), aquatic inver-
tebrates inhabiting rock pool microcosms (Kolasa et al., 1996;
Kolasa and Li, 2003) and birds (Devictor et al., 2008). Possible mech-
anisms for the increased variability of specialists relative to habitat
generalists may include the portfolio effect where the population
of a generalist spans a number of different habitats in which its
performance may be different and asynchronous (cf., Micheli et al.,
1999) as opposed to a species restricted to a more homogeneous
habitat space. Local variation of generalist competitors or predators
may have a significant impact on a specialist utilizing the same local
habitat space (e.g., Julliard et al., 2006), and lower density of spe-
cialists is subject to stochastic variation to a greater degree than
that of the more abundant generalists (e.g., Munday, 2004).

All these mechanisms are consistent with the general prediction
of the HBM and, indeed, hierarchy theory in general. Furthermore,
itis quite possible, if not likely, that in most situations these mech-
anisms contribute jointly to the relative variability of species in any
community. This differential variability along the gradient of spe-
cialization may have numerous positive and negative consequences
that require separate examination.

3.1.3. Increased probability of extinction of specialists

Increased variability of specialists can be extended to infer their
greater probability of extinction and to suggest several classes of
mechanisms involved (cf., Eq. (3.5) in which the probability of
extinction increases when habitat fraction available to a species,
H;, declines). The evidence ranges from patterns of survival in
geological time (e.g., Jablonski, 1986), direct censuses of aquatic
invertebrates (e.g., Benstead et al., 2003), flies (Worthen et al.,
1998), butterflies (Charrette et al., 2006; Krauss et al., 2003), coral
reef fish (Munday, 2004) and many others.

Possible mechanisms for the increased extinction rates of
specialists relative to habitat generalists may include habitat
restrictions in the face of large-scale environmental fluctuations

(e.g., Charrette et al., 2006), stochastic consequences of small and
isolated populations (e.g., in bighorn sheep; Festa-Bianchet et al.,
2006), asymmetric interactions such as concentrated predation by
a generalist predator, and shorter ‘life span’ of small habitat frag-
ments (Boughton and Malvadkar, 2002).

3.1.4. Predators (carnivores) should show a decrease of
population energy use with body size as compared to omnivores

Carbone and Gittleman (2002) identified this pattern empiri-
cally and provided a suite of energetic considerations such as local
resource availability to account for the observed regularity. This
includes Kleiber’s law that a limited amount of available energy per
unit area will sustain a larger number of individuals of a small-sized
species than of a bigger species. However, it is possible to derive the
qualitative aspects of this prediction from the HBM. The prediction
combines known allometric regularities with relationships implied
in the habitat-based model. The allometric expectation is that the
density of both herbivores and carnivores declines with body size.
The body size of prey and predators is generally correlated, with
large predators tending (with some exceptions in aquatic systems)
to consume larger prey (at least in energetically meaningful quan-
tities; Romanuk et al., 2011). Thus, as the body size of predators
increases, so does their prey. Habitat-based considerations imply
that a decline of prey density (Hi) will have a negative effect on its
predator due to costs of resource fragmentation. The two trends
can be combined.

From Eq. (3.1), H;/Hg reflects the costs of fragmentation due to
declining amount of usable resource. Thus, if a prey is resource for
the predator, Hy, of the predator will be inversely related to the
mass of its prey, My, because large prey are less abundant:

1

Hip = e

(3.7)

By substituting this and rearranging terms in Eq. (3.1) we obtain
density of predator:

(3.8)

N k Si D
ok (S,
P M Mg \Se

where bp and bh are the scaling coefficients for the predator and
prey density with body mass, respectively.

A simple simulation illustrates the differential effect of increas-
ing body size on prey and predator (Fig. 4). This prediction has
empirical support from studies on mammals (Marquet et al., 1995;
Carbone and Gittleman, 2002), in which predators showed more
rapid decline in population density than omnivores as body size
increased.

3.1.5. Populations densities should show a triangular pattern of
distribution as a function of body size

Marquet et al. (1995) found for mammals and intertidal inverte-
brates that medium-size species attain higher population densities,
and that population density decreases towards larger and smaller
sizes. Here, we use Eq. (3.1) with an additional assumption that
body size is negatively related to ecological range (S;) and, con-
sequently, to H; as expressed in Eq. (3.6). Furthermore, we add
random variation to k to generate noise typical of larger data sets.

The general expectation is that reduction of habitat (as well as
a possible increase in fragmentation) will dominate and reverse
any benefits the smaller species may derive from energetic consid-
erations alone and that energetic limitations will dominate large
organisms. A similar expectation applies to larger-bodied species.
In spite of their reduced metapopulation costs due to the increase
in the available habitat and to the reduction of effective habitat
fragmentation that is associated with the larger body size, the

Please cite this article in press as: Kolasa, J., et al., Predictions and retrodictions of the hierarchical representation of habitat in heterogeneous
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0 r 3.1.6. Fragmentation may benefit predator or prey depending on
~ 05 |- whose fragmentation cost ?5 higher _ .
()] : As habitat fragmentation increases (in Eq. (3.1), either S; (and,
(g 1 9 _ most likely, H;) or p; decreases, or both changes take place), costs
y =-0.75x - 0.9031 . . .
- Bes to popplatlon‘s increase. As shown earlier, prgdator Nip depends
o) -1.5 ¢ y on habitat of its prey and declines faster than its prey, N;, (Fig. 4).
5 2 However, what constitutes an effective fragmentation for prey may
C not represent fragmentation for a generalist predator that can use
o 25 alternative prey (e.g., Swihart et al., 2001). In such a situation a
o] predator - a generalist species in the sense of HBM model - may
~ 3 be affected indirectly by prey density decline only. Alternatively,
.é“' 35 equilibrial prey occupancy may increase even as habitat destruc-
) y = -1.5x - 1.6021 tion increases; i.e., prey’s “escape” from predation is facilitated by
[ -4 |- Predator habitat loss when the risk of extinction due to predation is greater
O than a risk due to habitat fragmentation (Swihart et al., 2001, see
0O 45 also Eq. (3.5) for the effect of H; and probability of population
5 L L 1 1 I extinction).
0 0.5 1 1.5 2

Body size

Fig. 4. Log-log relationship between body mass and density for prey (herbivore or
omnivore) and its predator of the same size show a significant difference in slopes.
Specialization, k, and patchiness were held constant. Furthermore, if one permits
Si (ecological range) to increase with body mass, realistic slopes of about —0.9 for
predator (cf., Carbone and Gittleman, 2002) are easily approached depending on the
specific choice of parameters, for example, by making ‘habitat landscape’ use more
generalized with increasing body size.

large-bodied species should experience a reduction in density
because of the energetic constraints.

A simple simulation reproduces qualitative and unique aspects
of the pattern observed in nature (left skewed distribution of
species densities as a function of body size) (Fig. 5). In addition
to addressing a specific pattern, this particular implementation of
HBM offers an example of how change of scale leads to a shift in
mechanisms. Here, depending on the resolution at which a species
perceives its habitat, we see a shift in importance from spatial
aspects of the habitat that primarily affects small species to the
importance of energetic limitations that primarily affect mean den-
sity of large species.
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Fig. 5. A triangular distribution of species densities as a function of body size pre-
dicted by HBM: the graph is a composite of body size-density relationships for 80
species. These 80 species represent 10 communities with 8 species each and with k
varying randomly (0, 1) for each species in each community. Eq. (3.1) was used to
calculate Ni and M was varied for all 10 communities by five orders of magnitude
(from 0.2 to 13,000 of kg). The same general pattern obtains irrespective of the value
of the allometric scaling exponent b (0.75 or 0.67) that relates body mass to density.
Population density is relative.

3.1.7. Temporal specialization should be an effective escape from
predation

Restricting a species to a narrower use of habitat (S;) leads
to a decrease in its abundance (in the form of a negative expo-
nential function (Eq. (3.1)). Prey might be seen as an adaptive
habitat that has the capacity to capitalize on this effect by restrict-
ing the predator’s ecological Hj, along the temporal axis. Thus,
whenever prey occurrence can be pulsed as opposed to main-
taining a constant level near the mean, S; of predator effectively
decreases and results in a linear decrease in its abundance (Eq.
(3.1)). One pulse of prey followed by an equal length period of
no-prey would reduce Nj, to one-fourth and result in a correspond-
ing decrease of predation on the prey population, N,. Evidence
for this mechanism in nature is ample, with the classical exam-
ples involving freshwater plankton prey and predators (e.g., Brandl,
2005), but notable exceptions have also been reported by Halle
(1993) for European microtine rodents whose predators adapt their
hunting in response to rodent activities. Spatial aggregation of indi-
viduals is a well-established predator defense mechanism (e.g.,
Coleman et al., 2004; but see Abrams, 2007 who does not intro-
duce fragmentation and specializations costs in his model) that acts
in a way similar to temporal specialization by changing effective
Hjp,.

3.1.8. Perturbation to existing habitat structure will lead to an
increase of habitat generalists relative to specialists

This prediction can be deduced from modifications to Fig. 3.
According to the convention employed to represent habitat struc-
ture, perturbation is introduced by either (i) a partial reduction of
at least one of the two dimensions or (ii), creating additional sub-
units within those two dimensions. The reduction in one dimension
means that the range of values along the axis representing that
dimension becomes narrower and thus some values needed to pro-
duce specific habitat units will temporarily or permanently become
unavailable. This is simply to say that perturbation will reduce the
heterogeneity of the lower levels of the structure (cf., Kolasa and
Rollo, 1991). Such reduction will in turn lead to the loss of specialist
species using the smaller habitat units. Indeed, the total amount of
habitat remains unchanged - it is only its diversification that is par-
tially or entirely lost. Unless the disturbance produces an entirely
new habitat type that is also unsuitable for generalists, generalists
will increase in numbers at the expense of lost or suppressed spe-
cialists. Studies by Collins (1992) and Rooney et al., 2004 on plant
communities provide convincing examples of this process. Alter-
natively, any existing subunit can be further subdivided. Such sub-
division will reduce the relative abundance of the specialists at the
level this subunit appears and thus will effectively increase the rela-
tive abundance of generalists. For example, the relative abundance
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of the generalist in Fig. 2d will increase from 67% to 73-76% if one
of the subunits used by specialists is divided into unperturbed and
perturbed portions (the perturbed portion can be occupied or not
by a third specialist, which accounts for the range of the predicted
values).

3.2. Body size predictions

3.2.1. Discontinuities in body size distributions

HBM representation of habitat-species relationship implies that
species attributes such as body size, reproductive and dispersal
strategies, and many others show abrupt transitions or even gaps
(discontinuities) between ranges of similar values. Empirical sup-
port for this prediction is quite ample (reviewed in Stow et al.,
2007). Notably, HBM also implies that empirical support should
become increasingly confounded with the inclusion of larger geo-
graphic areas that may be home to habitats of differing structures.
Some support for this implication is found in Siemann and Brown
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(1999).

We derive this prediction by combining assumptions about the
habitat structure with assumptions of how organism size is related
to decreasing usable habitat space. The idealized habitat struc-
ture shown in Fig. 3 assumes nesting of habitat units observed
at one level of perceptual resolution within the next higher-level
units. Nested condition is only met when the higher-level habitat
unit consists of at least two, usually more, subunits. The inevitable
consequence of the shift in habitat resolution is that the average
habitat space available to species that use higher resolution is half
or less than that available to a generalist using higher habitat unit
(lower resolution). As seen in Figs. 1 and 3, hierarchy of habitat
implies existence of clusters of habitat units that are in their own
‘size’ classes, corresponding to the level or ‘scale’ of the habitat,
and with smaller habitats yielding larger clusters. Being special-
ized in using smaller habitat units has consequences: The amount
of resources declines and thus the population density declines (see
Eq. (3.1)). Both factors increase the probability of species extinc-
tion (Eq. (3.5)). To offset these negative consequences, two adaptive
alternatives are available. One is to reduce the cost of finding and
moving between the required habitat units. The other is to reduce
the body mass to increase the size of effective population (cf., Eq.
(3.6)). The latter is commonly observed as dwarfism in insular
species that were once quite large (Lomolino, 2005). Assuming that
body size decreases with habitat unit size used by a species (e.g., Ziv,
2000; Kotze et al., 2003; Garcia-Barros and Benito, 2010; Symonds
and Johnson, 2006), discontinuous body size distributions are an
inevitable consequence (Fig. 6).

3.2.2. Greatest community changes correspond to discontinuities
separating habitat units

As presented above, recent research indicates that species using
the same general landscape tend to occur in clusters of similar
body sizes separated from other such clusters by distinct gaps
(Sendzimir, 2008; Garmestani et al., 2009). But there is more to
these size clusters than just their distinctness: species at the edges
of clusters (those nearest discontinuities) appear to vary in various
characteristics such as probability of extinction, population size,
or some other metrics, more than species at the interior of lumps
(Allen et al., 1999; Allen and Saunders, 2002; Wardwell and Allen,
2009; Allen and Holling, 2010).

This prediction, unlike those discussed earlier, requires addi-
tional consideration. All the previous predictions were direct
consequences of the interaction of species with the habitat
structure and modulated by the energetic consequences of body
size. However the greater variability of species at the edges of body
size clumps requires considering habitat variability as well. This
variability has not been explicitly included in HBM but it can be.

1 3 5 7 9 11131517 19 21

Fig.6. Anexample of body size distribution (log scale) in a hypothetical habitat with
structure as shown in Fig. 3, calculated using Eq. (3.1), with added random variation
(0.5, 1). The insert shows size ranges (rectangles) for each of the four species groups.
The size range for the largest body size is a composite of 10 simulations while it is
the average for the two smaller clumps. Numbers above rectangles give the number
of species in each group.

We can derive the empirical observation made by Garmestani
et al. (2009) from HBM in conjunction with the idea that organ-
ism size is related to the size of the habitat unit a species uses (cf.,
Eq. (3.6)). Within any cluster of species sizes some species will be
the smaller and some larger. Let’s now consider consequences of
environmental variation. If the environment changes, the ecolog-
ical space of any species will also change: previously inaccessible
habitat space may become accessible or some habitat space may
become inaccessible (as in anticipated range shifts due to climate
warming). Each species in a defined size group can theoretically
expand or shrink its habitat use. In terms of the graphical model
(Figs. 2 and 3), each species can potentially add ecological space
at the expense of a habitat unit that was previously inaccessible
but became accessible as a result of the change in habitat quality.
Such a species can thus expand its H;. A species can also lose a por-
tion of its habitat and be even demoted to the next lower level if
the loss is substantial and the lost habitat is replaced with a dif-
ferent type. This is similar to a prediction that population density
should vary most at the edge of geographical range of a species
whenever that range is limited by environmental conditions (e.g.,
Curnutt et al., 1996; Williams et al., 2003). A simple simulation of
random habitat change for habitat structure shown in Fig. 3 shows
that the smallest habitat units at each level of resolution undergo
the greatest relative variation (51% and 83% for the intermediate
and lowest level patches, respectively; Fig. 7). Such a variation can
be assumed to correlate with variation of the associated species,
which, in this case would most likely be the smallest species in
a cluster. Notably, the variation distribution reproduces empirical
patterns reported elsewhere (e.g., Waltho and Kolasa, 1994; Kolasa
and Li, 2003) where variability of specialists (coral reef fish and
rock pool invertebrates) has been shown to exceed greatly that of
habitat generalists.

4. General observations
Many of the patterns predicted by Habitat Based Model can be

derived from a variety of other, unrelated, models. For example,
the positive correlation between species distribution and density
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Habitat unit ranked by size (large to small)

Fig. 7. Variation of habitat units is greatest at scale transitions (Units 5 and 21,
shaded). Brackets show groups of habitats at one scale of resolution; Unit 1 is the
largest habitat (top level in Fig. 3). Percentages are differences from the group mean
coefficients of variation. Data based on 50 simulations of random change in size
applied to every habitat unit at each level (the same arbitrary mean change for all
the units).

is predicted by metacommunity models as well as by neutral theory
(Hubbell, 2001). Statistical models considering sampling probabil-
ity also link abundance and occurrence (He and Gaston, 2000).
Energetic models and fractal distribution models lead to similar
results. However, none of these alternative explanatory frame-
works is capable of predicting discontinuities (but see Hanski, 1982
for a model predicting bimodal distribution). More importantly,
none of these frameworks offers the scope of consequences and
the universality of assumptions (habitat has structure and species
differ from one another) to infer observable patterns. Thus, in rel-
ative terms HBM is the most parsimonious model and the most
fundamental model that draws on the logic employed by Darwin
(that species change and that change has to do with habitat limi-
tations). Finally, unlike the great majority of the available models,
HBM addresses explicitly shifts in scale and their consequences,
an inherent attribute of ecological systems. HBM has affinities and
converges in some respects with the work done within a meta-
community framework, particularly regarding the consequences
of heterogeneity and dispersal (e.g., Mouquet et al., 2006; Mouquet
and Loreau, 2003).

Perhaps the most novel feature of the HBM perspective is that
it underscores the presence of discontinuities in characteristics of
ecological systems and their processes. Such discontinuities may
be found in the traits of organisms making up a community, in
their ranked abundances, in characteristic frequencies at which
processes operate (cf., hierarchy theory by O’'Neill et al., 1986), or
in space.

5. Conclusions

We have presented the Habitat-Based model that conceptu-
alizes habitat as a hierarchy of nested habitat units. We have
attempted to show that the model offers a simple starting struc-
ture to exploration of relationships between species pools and the
habitat they use, that it is quite good at these explorations, and that

8 small patches are reduced to 4 (case c less 4 patches) and then 1 (case c less 7
patches). When the habitat ‘landscape’ transforms from 8 to 4 (or 1) patches, mean
patchisolation increases. The model does not include this effect directly as the effect
of isolation is not universally negative. Furthermore, the amount of habitat, H;, and
the mean patch size, p;, have a dominant effect on N;. Specific effect of isolation
could be factored in for individual species or habitat situations based on realistic
estimates of the parameter but it does not seem necessary given the behavior of the
model.

such explorations are not limited to just one set of problems. In
fact, we would argue that the very scope and depth of the perspec-
tive make it the most parsimonious approach to many problems of
community ecology and areas related to it. Rooting the model in the
relationship between the habitat structure and species attributes
allows it to evolve to address a range of concerns and research
questions not discussed in this review.
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