1  Ecological Processes

Introduction

Every ecological process takes place in a spatial context where the pre-existing
spatial structure of ecological systems and environmental conditions affect or
determine the resulting spatial outcomes. Hence, studying ecological processes by
averaging over locations (and times) can be misleading because it ignores the effects
of heterogeneity and other spatial aspects that are crucial for understanding species’
responses to a dynamic world. Indeed, organisms do not live in uniform environ-
ments; they encounter environmental gradients and patchiness of abiotic and biotic
origin, as well as perturbations and disturbance, creating two- or three-dimensional
mosaics containing patches with boundaries and ecotones between them. All these
result in spatial structures that affect the processes and their networks of interactions
according to the organization level (individual, population, community, etc.).
In ecological studies, explicit considerations of spatial structures have come to be
increasingly important as components for understanding ecological processes.
Spatially explicit studies must go beyond mere comparisons of regional attributes
and include locations, distances and other spatial relationships. Here, we provide an
introductory discussion of the relationships between ecological processes and those
spatial characteristics.

1.1 Spatial Processes

In mathematics, a stochastic process is a collection or ‘family’ of random variables
governed by at least one parameter, such that each outcome has a distribution
associated with it (the values are random, not determined). A spatial process is,
therefore, a mathematical system with stochastic rules that generate events or values
of variables in a spatially explicit framework where there is a location for each event
or value. Consider a simple spatial point process that creates a set of 16 randomly
located point events, each having an attribute labelled 1 to 5, in a square of 100 units
by 100 units. The rules could be:
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Repeat the following steps (1 to 4) 16 times, starting with i = 1 and going to i = 16:

(1) randomly select a real number between O and 100 for the ith x-coordinate;
(2) randomly select a real number between O and 100 for the ith y-coordinate;
(3) randomly select an integer from 1 to 5 for the label of the ith event; and
(4) record (and plot on a diagram) the location and value of the ith event.

Provided that the numbers are generated correctly, the events are independent of
each other, as are the events’ labels. With some random number algorithms, we get a
different set of numbers every time the algorithm is implemented with different
starting conditions; and any one of these is an individual realization of the same
process. If a uniform distribution is used for the random coordinates, any point in the
plane has an equal probability of having an event. If both spatial coordinate variables
follow bell-shaped distributions, the events will have higher density in the centre.
In other cases, the rules can be structured so that spatial location affects the label (e.g.
higher label values for central locations) or the labels may depend on relative positions
(e.g. neighbouring labels tend to be similar). The resulting set of events has statistical
properties determined by the rules of the process that generates them, although their
observed values will vary from one realization to another.

Spatial processes are often treated similarly to stochastic processes that occur in
time. Whereas time has asymmetric, possibly causal, relations of ‘before’ and ‘after’,
space usually has no inherent directionality and is treated in two or three dimensions,
rather than just one.

Homogeneous describes a process that is invariant under translation and isotropic
describes one that is invariant under rotation (Ripley 1988). Again, the terms refer to
the underlying process, and the characteristics may not be manifested in its realization.

Like a temporal process, a spatial process can be:

e Stationary, where the statistical characteristics of the process that generated the
variable of interest do not change with location (for weak stationarity, the mean and
covariance structure are invariant; for strong stationarity, the distribution itself or
all its moments are invariant); or

o Non-stationary, where the statistical characteristics of the process that generated
the variable of interest do change with location (the mean, variance or
covariance structure).

The realization of a process can exhibit non-stationarity, however, in many ways: a
trend in any direction or patchiness at one or more scales, with or without directional-
ity. Spatial inference requires an assumption of stationarity of some kind (Ripley
1988) because that is what allows prediction from one location to another.

To illustrate a spatial process, consider a rectangular area A of a plane into which we
place n events, each a dimensionless point. The magnitude of the process is the mean
number of events per unit area, here 4 = n/A. If the events are random and independent,
every sub-unit of the area will contain an event with a probability proportional to its
area. The number of events per areal unit will follow a Poisson distribution with
parameter A. In a Poisson distribution, both the expected value (the overall mean) and
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Figure 1.1 (a) Five random points in one-half of the area. (b) Five clusters from those
individual points.

the theoretical variance equal A. This is the null model of complete spatial randomness
(hereafter CSR). It is important to realize that a completely random stationary process
can give rise to a spatial arrangement of events that does not look random, especially if
the number of events is small. Figure 1.1 shows five events placed at random in a
square; if random, one in eight realizations (about 13%) will have all five events located
in only one-half of the square. This may seem a bit contradictory or at least puzzling
because it does not look like the result of anything stationary.

This apparent non-uniformity resulting from a homogeneous random process is
different from the situation in which patchiness is created by the inhomogeneous
structure of the process itself. In a homogeneous process, the density of points is
constant, whereas, in an inhomogeneous process, the density depends on location.
Still, a homogeneous process can give rise to an inhomogeneous outcome in many
ways; several are based on the CSR process which gives rise to the Poisson pattern
just described. Each event created by CSR can produce, in turn, a cluster of events,
with its number and location governed by a second stochastic process (Figure 1.1b).
Another mechanism is to have a process like CSR with intensity parameter A but
allowing the process intensity to vary with location ‘s’, so that A(s) is itself the result of
a second stochastic process. If the processes at both levels are Poisson, we end up with
Cox’s ‘doubly stochastic Poisson process’ (Kingman 1993). Biologically, this situ-
ation can arise when a second generation is derived from a population of parents
which were distributed following CSR, provided the offspring disperse from their own
parents independently, but with their average location being the location of their
parent. The positions of the offspring are then conditional upon the positions of the
parental generation (Kingman 1993). Processes like this one result in a pattern that has
a distribution of event counts per areal unit for which the variance is greater than the
mean, indicating patchiness of some kind. In that case, each realization of the process
(the pattern observed) is not invariant under translation, and so the pattern is
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apparently inhomogeneous, even though the process (and the pattern over many
realizations) is homogeneous and stationary: over all possible realizations, every
small subarea has an equal probability of being occupied and the expected value
(mean) and variance are constant. (In a non-stationary process, the parameters of mean
and variance can be different at different locations.)

Inhomogeneous and non-stationary processes can be classified according to
whether direction affects the probabilities:

Isotropic (no directional effect); or
Anisotropic (with differences according to direction, e.g. stripes).

For biological systems, as for mathematical ones, a spatial process gives rise to
events or values of variables with definite locations, but what generates the patterns
are biological factors, like dispersal or mortality. Consider a seed tree in the middle of
a clear-cut: its seed rain is a non-stationary spatial process as seed abundance varies
with distance and by direction due to wind direction, resulting in a pattern of seedlings
that is expected to be inhomogeneous and anisotropic.

In mathematics, the generation of values and the values generated are both referred
to as a spatial process, but we will distinguish between the generating process and the
set of values it produces, the latter being the spatial pattern or the realization of the
process. Although we introduced spatial stochastic processes with labelled point
events in the plane, more structural models should be considered as ecological
processes of interest, including finite line segments or curving fibres, random walks
on a network, and random relabelling of a spatial network or lattice. The evolution of a
spatial network (nodes with locations joined in pairs by edges; Chapter 10) can itself
be a random process emulating biological systems (Barthelemy 2018), and, with
branching, it can emulate ecological phenomena like clonal growth. The concept of
a random walk on a network can be related to the ecological processes of diffusion or
dispersal; consider an aquatic organism spreading through a riverine system or a novel
pathogen spreading through a spatially structured population. Correlated random
walks, in which successive steps are not fully independent are used extensively to
model animal movement such as foraging (Lewis et al. 2021; see Chapter 8).

The concept of relabelling the nodes of a spatial network, for example from
‘closed’ to ‘open’ for sites in a landscape, can be related to percolation once a critical
proportion of ‘open’ nodes allows flow across the network (see Barrat er al. 2008).
Similarly, the random relabelling of nodes in a spatial network or from ‘living’ to
‘dead’ can be a null model for the self-thinning of a population. Of course, a particular
non-random relabelling of nodes can give rise to cellular automata, including
Conway’s ‘Game of Life’ (Gardner 1970).

1.2 Ecological Processes

The processes that are most relevant for spatial analysis in ecology are both biological and
environmental. These include natural and anthropogenic disturbances that trigger a
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Figure 1.2 The same pattern from different processes: (a) fragmentation, (b) density increase and
(c) nucleation followed by patch growth.

cascade of biological processes affecting organisms, such as dispersal, establishment,
growth and species interactions (intra- and interspecific ones). These biological processes,
and their interactions, also interact with abiotic processes to produce the spatial structure
and spatial dynamics of subsequent processes. We might hope to deduce the past
processes from the current spatial patterns (Watt 1947), but this is not always possible:
the same process may result in different patterns, and different processes may give rise
to indistinguishable patterns (Figure 1.2). The patchiness can result from the growth
structure of the organisms, such as corals or aspen groves, or from topographic structure,
such as knob-and-kettle landscapes of alternating hills and hollows. In addition, several
mechanisms may contribute to a single process, such as the biotic and abiotic factors
that produce paludification in Sphagnum-dominated systems (Rietkerk er al. 2004).
Spatial analysis, by definition, focuses on the pattern observed at a single time, but
we know that the processes are dynamic and that communities change, suggesting the
need for spatio-temporal analysis (Chapters 8 and 11). Ecologists also study stochastic
disturbances that recur (Shoemaker et al. 2020), like fire or infestation-induced mortal-
ity, because they can create obvious patchiness and have significant impacts on other
processes. In some instances, mere senescence can have effects like those of abiotic
disturbance, pathogens, or herbivory. Often the ecological process and spatial pattern
that arises from it interact, producing patches of different species composition and age
structure, affecting the dynamics of future processes (Sturtevant & Fortin 2021).

1.2.1 Spatial Patterns along Gradients

We can start with a familiar phenomenon: species occurrences on a one-dimensional
environmental gradient. The gradient is a monotonic change of one environmental
factor over physical distance and it may create obvious zonation in the community.
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This spatial structure is non-randomness in space with some predictability and there-
fore falls into the category of ‘spatial pattern’, although there are no repeating units
(Dale 1999). A gradient creates predictable and directional variation, which allows the
appearance of species and then their disappearance farther along the gradient. The
pattern lies in where the species enter and leave the gradient and in their ranges and
densities, where present.

On gradients, the observed spatial pattern may allow some inferences about the
processes that created it and the current pattern affects future processes. The potential
location of any species is determined by its physiological responses to the gradient but
the observed locations result from the interaction of physiology with other processes
including competition, facilitation and predation. The current arrangement of species
determines which species may interact with one another: nearby organisms may
compete most strongly but they also have the greatest potential for positive inter-
actions (Bertness & Calloway 1994).

The usual model of a species’ response to an environmental gradient is a symmetric
unimodal curve as a function of the factor’s intensity or of the physical distance along
the gradient. The symmetric unimodal response may be rare in nature; asymmetry is
more common and some responses are bimodal (Austin 1987). The skewness of a
unimodal response depends on the scaling of the environmental factor’s axis.
Furthermore, many landscapes are fragmented, such that species abundance fluctuates
within the geographical range due to the availability of habitat (Fortin ez al. 2005).

The rate of change in a controlling factor may itself vary along a gradient, or
organisms may respond unequally to the same amount of change in the factor,
depending on the position. Consequently, identifiable levels may exist on a gradient
where species replacement occurs rapidly over small distances. How species are
arranged on environmental gradients may reveal characteristics of the community
organization. For example, interspecific competition affects the spatial pattern on a
gradient and the inability of two competitors to coexist can result in the beginning of
one species’ range following immediately after the ending of another’s range
(Figure 1.3a). On the other hand, if species replacement allows a zone of competitor
coexistence, the density of one species will decrease as the others increase in that
coexistence zone (Figure 1.30). We can also look at models for multispecies replace-
ment on such gradients. One model suggests that groups of species replace each other
along the gradient, producing clusters of upper and lower boundaries (Figure 1.4a).
An alternative is that the species occur independently so that the boundaries are not
clustered (Figure 1.4b). Spatial analysis can distinguish among possible arrangements
in systems that are well-structured by gradients, as will be described in Chapter 5.

1.2.2 Spatial Associations among Species

Organisms respond to the proximity of other species. In most situations, the individ-
uals of different species are neither randomly nor independently arranged. For plant
communities, the term ‘association’ can refer to the tendency of the plants of different
species to occur together more often than expected, ‘positive association’, or less
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Figure 1.3 Two species’ abundance replacing each other along a gradient: (a) without spatial
overlap (sharp boundary) when species cannot coexist and (b) with spatial overlap (gradual
boundary, ecotone) where species can coexist.
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Figure 1.4 Two examples of arrangements of many species’ densities on an environmental
gradient with competition as one factor. (a) With clusters of boundaries and (b) no
boundary clusters.

often, ‘negative association’. The association between species can be based on shared
or divergent ecological requirements and capabilities or on the ability of one species to
modify the environment to make it more (positive) or less (negative) suitable for the
other. Examples of positive influence include facilitation by ‘nurse plants’ that
enhance regeneration in stressful environments (Bertness & Calloway 1994).
Examples of negative influence include situations in which plants are affected by
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allelopathy where chemicals from one plant reduce the growth of another. Negative
influence also includes competition for resources, but that interaction depends on the
relative sizes of the individual plants and may be less asymmetric than allelopathy,
which tends to be strongly directional (Zhang et al. 2021).

The association of species is usually considered in pairs, and the network of
pairwise associations forms a graph (species as nodes, associations as edges, see
Chapter 10), sometimes called the phytosociological structure (Dale 1985). Rajala
et al. (2019) have reviewed the detection of interspecific interactions using bivariate
point pattern analysis (Chapter 3) and found that detectable interactions are generally
rare but most common in species-poor communities and that the most abundant
species tend to have the most detectable interactions (Rajala er al. 2019). Keil et al.
(2021) reviewed the measurement and analysis of spatial species association and its
potential relationship with biodiversity and concluded that spatially explicit
approaches were more useful than spatially implicit methods.

Pairwise treatment of species association needs to accommodate the fact that the
relationship of any species pair may be influenced by the presence or absence of a third
(or fourth or fifth ...) species, and we should consider multiple species associations,
where the frequencies of combinations of species are examined (Chapter 9). Such
associations may be closely related to indirect interactions among species, although
associations are deduced from spatial frequencies and not observed as active inter-
actions. Indirect interactions occur when the direct interaction between species nodes is
modified by a third species; in Figure 1.5, the edge A« B is modified by species node
C, indicated by the indirect edge C— (A«+B). The edge A« B can also be modified by
the interaction edge of two other species, D«—E, creating the indirect edge (D—E) —
(A—B) (Figure 1.5). In essence, a network edge can act as a node in the next level of
interactions. Familiar indirect interaction structures include the ‘trophic cascade’ or
‘apparent competition’, and hypo- or hyper-predation effects (Dale & Fortin 2021,
figures 4.18 and 4.19) and a complex ecological example with several types of
interactions at several levels is given in Dale and Fortin (2021, figure 4.13). The topic
of multispecies combinations and multispecies interactions will be pursued further in
Chapter 7 (spatial relationships) and Chapter 9 (spatial diversity). While multispecies
methods clearly involve greater complexities, the insights they can produce can often
justify the effort (Clark et al. 2014; Warton et al. 2015; Ovaskainen et al. 2016).
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Figure 1.5 Indirect interactions (dashed edges): (a) The interaction between two species (solid
nodes) acts as a node (grey) affected by the third species. (b) The interactions (grey nodes)
between two pairs of species (solid nodes) act as nodes for a second-level interaction.
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1.3 Plant Community Spatial Structure

An orthodox view of plant community development by ecological succession begins
with an intense and extensive disturbance (fire, insect outbreak, harvesting; Sturtevant
& Fortin 2021). When the plant community is completely removed, leaving only bare
(mineral) substrate, the subsequent development is called primary succession. When
some residual material (soil) remains, what follows is called secondary succession.
This dichotomy sounds like a clear distinction, but many disturbances create patches
of different severity, with different sizes and shapes. Glaciation—deglaciation cycles
tend to leave mainly linear features, like scrapes, moraines and eskers, with some
isodiametric features like drumlins and knob-and-kettle topography. Forest fires are
notoriously uneven, leaving some areas more or less untouched (remnants) and others
burned to the mineral layer. Fire-created patches are usually elongated in the direction
of the wind prevailing at the time, but large fires can burn for many days with winds
from several directions, leaving a complicated spatial footprint. Insect outbreaks can
be heterogeneous, even in monocultures, and act selectively in mixed communities.
Some outbreaks may be incomplete, including both mortality and recovery in multi-
year infestations, leaving complex patchy structures. All this variability in disturbance
affects the spatial pattern in developing communities, usually in uneven and compli-
cated ways (Sturtevant & Fortin 2021).

Whatever the disturbance, several processes can contribute to the ecological
succession that follows, and different views of how these successional processes interact
are tied in with concepts of the nature of the ‘community’. One view is that the plant
community is like an organism, developing through a series of predictable phases towards
a ‘climax’ self-replacing community (Clements 1916). The contrasting view (Gleason
1927) is that the plants and propagules of different species act more-or-less independently
in response to the availability of establishment sites and the environment. This allows for
different combinations of species to be the end-points of succession in similar regions or
for different successional pathways to converge to similar communities (Glenn-Lewin
and van der Maarel 1992). It is possible for similar starting conditions to develop into
different compositional end-points. For spatial analysis, the question arises whether a
clear difference in the spatial structure of mature plant communities will be found, based
on which view is the best description. We suggest that the Gleasonian model might
produce much more variability in species combinations and physical structure within any
small area than the Clementsian one. Further consideration of this question can wait for
our discussion of spatial aspects of species diversity (Chapter 9).

The processes that may be invoked to explain some of these temporal patterns
observed in successional sequences include the following:

o Facilitation, when the plants early in succession modify the environment in a way
that enhances the recruitment of later species;

o Inhibition, when the early plants’ influence on the environment decreases its
suitability of later species’ recruitment so that later species establish only when the
first group dies off or is reduced by disturbance events;
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e Tolerance, where the environmental modifications have little effect on subsequent
recruitment; and

e Self-inhibition, where early-stage plants make the environment less suitable for
their own recruitment, as with shade-intolerant trees typical of some early
successional sequences.

All four of these may have a spatial effect, although ‘tolerance’ is a kind of null
model and, while the spatial effects may be primarily local, the local effects may
influence over large areas (Solé€ 2007). The spatial version of facilitation is nucleation
(Yarranton & Morrison 1974), where the plants of one species act as the nuclei for the
establishment of others, like ‘nurse plants’ reducing the heat load on seedlings or bird
perches enhancing seed deposition. Inhibition and self-inhibition may have very
localized effects that could be detected by spatial analysis, just as nucleation may
produce a clear spatial signature.

Regeneration is a key process in the development of plant communities, and it
depends on the availability of propagules (a seed source close enough to be
effective) and of substrate suitable for germination and development. These both
have spatial aspects that affect success: the number and distances of seed sources
and the number, locations and sizes of patches of suitable seed bed substrate.
Competition is a second key process for community development, particularly
arising from previously or simultaneously established plants. It has a strong effect
both numerically, by affecting growth rates and survivorship, and spatially, affecting
the distances between plants and the relative sizes of neighbours. These ecological
processes all contribute to the spatial structure of the community and have implica-
tions for the application of spatial analysis and the interpretation of the results. The
critical factor is the relationship between the ecological processes and the spatial
patterns we investigate.

We have alluded to Watt’s (1947) comments on the relationship between pattern
and process in plant communities, laying a foundation for plant ecology over the
following decades. One major theme is cyclic change at small scales within a well-
defined plant community. Watt described several communities with aggregations of
species that can be considered as repeating phases of a mosaic which have recogniz-
able periods of regeneration alternating with periods of degradation. While these
phases may develop at different rates and for different durations, the whole commu-
nity remains essentially the same with consistent processes giving rise to a
repeating sequence.

The phases appear to form a temporal cycle and so an understanding of the
community ‘as a working mechanism’ should be based on the relationships among
the phases. Watt’s ideas on the relationship between pattern and process have influ-
enced the development of plant ecology and have affected our conceptual models of
community dynamics.

A general model is the ‘patch-gap’ model which is applied most frequently to
forests. In simple form, it suggests that significant tree recruitment takes place only
below canopy gaps, so that the regeneration depends on gap formation, whether
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autogenic like senescence or allogenic like wind-throw. This model depends explicitly
on disturbance to drive the cycle, and the rate of regeneration depends on the size of
the gap and the conditions in the gap thus created.

Potential non-linear effects of patch or gap size also affect this model: doubling the
patch size may more than double the number of seeds and other propagules that are
intercepted. Therefore, the distribution of gap sizes can affect the outcome of the
processes of dispersal and regeneration. The same is often true of density effects,
although density and neighbour distances may be confounded, creating other non-
linear responses.

The relationship between patches may be affected by feedback loops in the
processes. Negative feedback loops are a common mechanism for maintaining hom-
oeostasis (e.g. a thermostat) and positive feedback loops are found in self-reinforcing
systems (e.g. lighting a fire). Feedback switches in ecology include the phenomenon
by which one plant association modifies the environment to be more suitable for itself
and less suitable for others.

Wilson and Agnew (1992) have provided a classification of feedback switches, but
most of the examples are ‘one-sided’: the plants of association X change environ-
mental factor Z where they are present, enhancing their ability to invade adjacent areas
(Figure 1.6a; for the square brackets: [X] means abundance and [Z] means strength).
A familiar example is invasion by Sphagnum, where the moss acidifies the environ-
ment and raises the water table, allowing the sphagnum-dominated area to expand by a
process known as paludification. In a two-sided ‘reaction’ switch, there is a spatial
division between an area with X and an area without, ‘~X’; association X increases
variable Z in its own area, which causes a decrease in Z elsewhere (Figure 1.6b), and
the decrease in [Z] (down-arrow) reinforces the absence of X. If the vegetation stripes
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z s ,.'“\ [.] [,] [‘]
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Figure 1.6 Four types of feedback switches: (a) ‘One sided’: the plants of association X change
environmental factor Z, enhancing their own success. (b) Association X and variable Z are
mutually reinforcing in their own area (left panel), decreasing Z elsewhere (right panel), and the
decrease in [Z] (down-arrow) reinforces the absence of X. (¢) X increases factor Z in its own
patches (left) and association Y decreases Z in its own patches (right); the decrease in [Z]
(down-arrow) reinforces the abundance of Y. (d) X changes factor Z in its own patches

(left panel) and association Y changes factor W in its own patches, (right panel). The pairs of
X and Z and Y and W are mutually reinforcing, but the interactions of X and W and Y and

Z are negative.
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in an arid region capture moisture at their upslope edges, less moisture is available for
the areas downslope. This process exaggerates the differences because the stripes
capture moisture to support plants and the bare regions do not.

Two-sided switches are also possible. In the ‘symmetric’ version with spatial
division, X increases factor Z in its own patches and association Y decreases Z in
its own patches (Figure 1.6c); the decrease in [Z] (down-arrow) reinforces the
abundance of Y, [Y]). In the ‘two factor’ version, X changes factor Z in its own
patches and association Y changes factor W in its own patches (Figure 1.6d). The
pairs of X and Z and Y and W are mutually reinforcing, but the interactions of X and
W and Y and Z are negative.

The potential spatial effects of these switches can help interpret the results of spatial
analysis because positive feedback can reinforce the mosaic system in which it occurs,
increase the sharpness of a boundary between two plant community types as tiles of
the mosaic, or change the rate of community type replacement (Wilson & Agnew
1992; Kéfi et al. 2016). Evolution within a metapopulation can have a similar effect in
amplifying or even creating differences which show up as patterns, although evolution
may smooth out underlying heterogeneity, reducing the intensity of the spatial pattern
(Urban et al. 2020).

The amplification or reinforcement of spatial differences is one mechanism by
which landscapes have memory. Landscape memory, or legacy, describes how
strongly current ecological processes are influenced by the landscape’s past (Hendry
& McGlade 1995; Khalighi et al. 2022), and it can be seen as spatially explicit
temporal autocorrelation, positive or negative. On the one hand, if recently burned
areas of a forest do not reburn until fuel has accumulated for decades, fire recurs only
at long intervals, giving negative autocorrelation. On the other hand, if some areas are
immune from fire because of topographical characteristics, whereas others burn
frequently, the result is positive autocorrelation. Hendry and McGlade (1995) con-
cluded that the emergent spatial structure depends on the amplification of local
interactions through the mechanisms of ecological memory (Peterson 2002;
Johnstone et al. 2016). Where landscape memory is an important factor, the effects
of neighbouring tiles may be a critical factor in the system dynamics and community
interactions (Fortin et al. 2012b; Khalighi et al. 2022).

Self-organization, or autogenic pattern formation, is the last in this set of related
concepts. The phenomenon shows that simple rules, acting very locally, can produce
clear patterns over large extents (see Solé & Bascompte 2006; Kéfi et al. 2016).
Simple spatial models produce hexagonal arrays of spots, rings or stripes like brousse
tigrée (Thiéry et al. 1995). Colonial insects are often used as examples in this context
as producing elaborate and robust structures from simple behavioural modules. Plant-
dominated systems have many examples like those described by Watt (1947), with a
strong spatial component in their processes. We have mentioned that wetlands often
have elevated strings of established plants separated by long narrow pools oriented
across the water flow. While the development and orientation of all these structures
may be driven by abiotic forces, the form produced is affected by the characteristics of
the plants themselves. In any case, self-organization involves a balance between
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positive feedback at some spatial scales and negative feedback at other scales
and locations.

We have described some of the processes in communities that affect the spatial
structure and spatial dynamics because these concepts provide the background for an
informed interpretation of the results of spatial analysis. These apply most directly to
studies of plants but they also provide a conceptual framework for the organisms that
depend on or inhabit that community, whether ground beetles, pollinators, songbirds
or large mammals.

1.4 Spatial Processes by the Level of Organization

Spatial structure can vary with the level of organization, from individuals and popula-
tions to communities and landscapes (Levin 1992). We described phenomena that
amplify existing differences, thus enhancing boundaries in a spatial mosaic, which has
consequences for spatial structure. The first is that small local differences may be
amplified through time into differences of ecological significance. The second is that
boundaries between ‘phases’ of a spatial mosaic, its tiles, can be very important for
ecological processes, even if they are not immediately obvious.

All these processes are dependent on scale and level of organization (Dungan et al.
2002). The spatial scales should be evaluated because the dynamics that follow a
disturbance or environmental change depend on the duration and the area affected
(Levin 1992, 2000) as well as the landscapes ‘complexity’ (Newman et al. 2019).
Anything we consider to be ‘cyclic succession’ is noticeable because of the spatial
grain and temporal pace at which it occurs. The scale of the observations and the scale
of the observer both have effects. Cyclic species replacement in a grassland may be
invisible because the spatial scale is too fine; cyclic replacement among saxicolous
lichens may be invisible because the temporal scale is too long. If our observational
scales are too narrow, we may miss or misrepresent the processes we are trying to
understand (Estes er al. 2018).

In addition to processes at the population level (competition, predation and so on)
and the phenomena of switches and self-organization, spatial structure affects other
levels of organization, such as metapopulations and metacommunities (Hanski 2009;
Leibold & Chase 2018). A metapopulation is a network of local populations, each
occupying a patch in a heterogeneous environment, with a dynamic balance of local
patch extinctions and re-establishment through re-colonization from other subpopula-
tions. The balance is affected by risks and rates of extinction, dispersal speed and
distance range and the factors determining the probability of re-establishment.
Metapopulation studies are based on a spatial network of sites and connections,
whether explicit or merely implicit, based on simple assumptions about connectivity
in that network (see Bode et al. 2008).

Similarly, a metacommunity consists of component metapopulations forming local
communities linked by dispersal between them. The form of spatial patchiness compli-
cates that simple description, however, and several archetypes (previously ‘paradigms’)
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have been proposed for metacommunities (Leibold & Chase 2018) — neutral dynamics,
species sorting, mass effects and patch dynamics. These consider factors such as local
extinction, competitive ability, dispersal mechanisms and environmental heterogeneity
within and among patches (for details see Leibold & Chase 2018). In most versions of
the archetypes of metacommunities, community composition depends on spatial struc-
ture (their table 2.1), and there is good evidence of Clementsian distributions of species
along spatial gradients (their table 4.1). These archetypes provide further motivation for
spatial analysis as a basis for understanding these systems.

How the various effects play out in real community systems is not fully resolved,
but the concepts are important for the development of appropriate approaches to
spatial analysis of communities and for the interpretation of the results. They are
especially important for the spatial analysis of diversity in real systems (see
Chapter 9), and how the differences between local communities may depend on
physical distance and the processes of dispersal and ecological interactions
(Figure 1.7; Zelnik et al. 2024). On an environmental gradient, compositional differ-
ence should increase linearly with geographic distance (Figure 1.8a). This resembles
‘isolation by distance’ in population genetics, unless the mass effect is sufficiently
rapid and strong to counteract environmental differences, thus selecting out different
species on different sections of the gradient. In that circumstance, or in an environ-
ment that is either uniform or just randomly heterogeneous, compositional difference
should not exhibit a trend with distance, although actual values will depend on factors
such as the degree of heterogeneity, the strength of the mass effect and the speed of
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Figure 1.7 Three main dimensions of ecological data: level of organization, spatial scale and
temporal scale.
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Figure 1.8 Three possible responses of local compositional difference (y-axis) to geographic
distance (x-axis): (a) differences increase linearly with distance; (b) no trend with distance,
dashed line is the mean value with variability occurring between the two solid lines; and (c)
dispersal overrides compositional differences over short distances, but not at larger distances
where it may continue to increase or level off (dashed line; see text).

species dispersal (Figure 1.8b). A third possibility is that dispersal, which is distance-
limited in its effect, can override the accumulation of compositional differences over
shorter spatial ranges but not over larger ranges, producing a curve that is flat initially
but then begins to rise. The long-distance end of the curve may or may not reach a
maximum set by extrinsic factors (Figure 1.8c).
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Having looked at organizational levels from populations and communities to
metapopulations and metacommunities, we should extend from species interactions
and food webs to the spatially structured ‘meta-’ equivalents. These are all networks of
some kind — interaction networks with species (or equivalent) as nodes and nodes
joined in pairs according to their interaction (predation, pollination, etc.) or spatial
networks with sites or samples as nodes joined in pairs according to proximity or
similarity. Network types for this context can be:

o Metanetwork (broadly speaking), representing the ecological interactions in a
metacommunity over all sites and combinations of species;

o Metanetwork (specifically speaking), as a ‘network-of-networks’ consisting of a
spatial network of sites each with its own ecological interaction network. These are
commonly shown for bipartite non-trophic interaction networks such as plants and
pollinators (Dale & Fortin 2021, figure 4.22), and;

e Metaweb (also meta-foodweb; Barter & Gross 2017), representing trophic
networks, sometimes referring to all potential trophic interactions in a delimited
area (Dunne 2006) but elsewhere referring to observed predator—prey relations
(Ceron et al. 2021).

All these structures will change with the scale at which they are studied, and not
only because of changing species (see Galiana et al. 2018, 2022). We will reserve the
topic of metanetworks for Chapter 11 because the best approach to these structures is
through multilayer networks.

We close this section with a summary table of some of the types of spatial patterns
and spatial analysis associated with different levels of ecological organization. Many
of the categories are the same for several levels but the details of the methods used
may have to change with the level.

15 How to Use This Book

The design of this book is to provide both specific and in-depth explication of data
types or ecological characteristics of interest and general guidance on the reasoning
behind the development of spatial analysis in ecology. The basic concepts and notions
for spatial analysis described in Chapter 2 will inform our thinking on how to
approach the phenomena and questions to be studied (Table 1.1). The rest of the
book is organized around particular approaches, such as point pattern analysis, and
more specialized topics, such as autocorrelation or spatial diversity. The combination
of levels of coverage should provide sufficient background and detailed understanding
to allow well-informed choices for analysis and interpretation.

Clearly, our knowledge about the ecological processes related to the questions we
ask will influence the kind of data we collect and our choice of analysis (Table 1.2).
Consider the establishment of plants of a single population — initial regeneration may
be spatially clumped but with growth and competition, size differences may produce
asymmetric competition between neighbours creating non-random mortality which
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Table 1.1 Summary of the key spatial processes and corresponding methods to analyse them

Level of Organization

Spatial Process

Spatial Analysis

Organisms patchiness spatial autocorrelation
movement space occupancy, home range size
dispersal range size, dispersal record
Population demography spatial autocorrelation
abundance spatial autocorrelation
Metapopulation dispersal spatial network dynamics
patches spatial overlap analysis
occupancy join count analysis
Species interaction patchiness spatial network dynamics
seg-/aggregation bivariate spatial analysis
Community patchiness multivariate spatial analysis
seg-/aggregation spatial associations
Metacommunity dispersal spatial network dynamics
mosaic spatial beta-diversity
neighbour patch id state & transition of memory
Metanetwork patchiness network-of-networks analysis
gradients trends with environment and distance
neighbour effects diversity and autocorrelation
Metaweb patchiness network-of-networks analysis
(trophic meta-net) gradients trends with environment and distance

neighbour effects diversity and autocorrelation

increases the distance between survivors, thus reducing clumping. The best procedure
may be to map, categorize and measure the plants from the beginning and then use
several versions of point pattern analysis, such as Ripley’s K for locations, marked
point pattern analysis for living versus dead and mark correlation analysis to investi-
gate the sizes of neighbours as a function of distance (Chapter 3). To decide, consider
the options described in that chapter appropriate to the kind of data available,
remembering the assumptions on which valid inference needs to be based.

For this non-random mortality example, as for many, the key question is whether
we need to collect data through time. Can we manage without and study just the
spatial structure? Methods for assessing spatial structure based on spatial census data,
such as the point pattern analysis just mentioned, are covered in Chapter 3; and for
samples in Chapter 4. For spatial structure in the form of clusters or boundaries by
partitioning space, we can consider the methods described in Chapter 5. Studying
spatial relationships through spatial autocorrelation and spatial regression is covered
in Chapter 6, and multiscale analysis in Chapter 7. The treatment of spatial relation-
ships and interactions in the form of graphs or networks is provided in Chapter 10.

When time is included as a dimension, Chapter 8 covers many of the basic
approaches for spatio-temporal analysis, with Chapter 11 looking specifically at
applications of multilayer networks that include multi-time ‘stacks’ of spatial net-
works. Spatial aspects of ecological diversity may proceed without a temporal com-
ponent, but many studies of spatial diversity include time explicitly (Chapter 9).
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Table 1.2 Ecological processes and related spatial analysis according to the types of data being static (one snapshot: x-y coordinates) or dynamics (multiple snapshots; tfor

time events)

Static Dynamic

1 Species 2 or more Species 1 Species 2 or more Species
Microscale to Mesoscale
Movement xX—y x=y x—y +t x—y +t
Dispersion or * Point pattern (Ripley’s K) * Point pattern (Bivariate-, * Point pattern (Bivariate * Point pattern (Bivariate-,
Dispersal * Resource function Multivariate- Ripley’s K) Ripley’s K) Multivariate- Ripley’s K)

* Home-range (area vs. cloud * Resource function * Spatial joint dynamics

or network of points) * Home-range change through
time or movement within

Connectivity Nodes/patches: * Homophilous vs Nodes/patches: * Changes in homophilous vs

Spatial abundance

Species assemblages

Species interactions
Food webs
Disease

* Spatial connectivity
* Spatial autocorrelation
* Metapopulation

* Diversity of ages or life-
history stages

* Relations among ages or
life-history stages

Mesoscale to Macroscale

Geographical range

Multiscale

* Polygon convex hull

* Moran’s Eigenvector Maps
* Wavelet decomposition

Heterophilous connectivity
* Species co-occurrence
* Ordination
* Spatial clustering
* Spatial covariance
* Metacommunity
* Community
* Metacommunity
* Predator—prey
* Motifs
* Directed graphlets

* Spatial overlap

* Moran’s Eigenvector Maps

* Spatio-temporal connectivity

* Spatio-temporal
autocorrelation

* Metapopulation

* Diversity of ages or life-
history stages

* Relations among ages or
life-history stages

Range shift:

* Polygon change analysis

* Moran’s Eigenvector Maps
* Wavelet decomposition

Heterophilous connectivity
e Community trajectory
¢ Metacommunity

* Community trajectory
* Metacommunity

* Predator—prey cycles
* Motifs

* Directed graphlets

* Spatial overlap change

* Moran’s Eigenvector Maps
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Interspecific analysis to investigate localized facilitation or inhibition during
succession and the effects on diversity’s trajectory, could begin with marked point
pattern analysis of mapped stem data, or quadrat covariance methods for species
density in quadrats, and then proceed to examine their temporal sequence.

Consider testing the mosaic cycle hypothesis described in Section 1.3: methods for
the detection of boundaries (Chapter 5) and for the analysis of neighbour networks
(Chapter 10) or spatial transitions (Chapter 8) may be the most appropriate choices,
with the mosaic tiles as the spatial units (see figure 10.11 of Dale 2017). One goal of
this book is to provide advice on the range of methods and how they can be matched
to the ecological questions and hypotheses of interest. Those hypotheses will involve
several potentially complex processes and phenomena, as have been introduced here.

The concepts of spatial processes and their ecological counterparts are required for
spatial analysis and its interpretation and we use them throughout this book, but
without the technical details to be found in more mathematical texts on stochastic
processes. Most important is to understand the ways in which spatial processes and
ecological processes go together in the spatial context.

For spatial analysis, knowing the ecological processes that may be active allows us
to realize that the results can provide insights into the spatial processes, even if the
relationship between pattern and process is not simple. Given the variety of phenom-
ena such as feedback switches, chaos, and spatial self-organization, in addition to the
more familiar processes like competition and facilitation, it is possible that several
processes can produce indistinguishable patterns, despite the strong relationship
between pattern and process. Therefore, although spatial analysis can eliminate some
hypotheses, it can seldom be used to confirm mechanisms definitively. On the other
hand, knowledge of the kinds of processes that may be acting should affect the choice
of data to be collected, the methods of analysis used and the interpretation of the
results of that spatial analysis. The goal of the analysis, after all, is to develop a better
understanding of these ecological processes.
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