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a b s t r a c t

State-and-transition models (STMs) can represent many different types of landscape change, from simple
gradient-driven transitions to complex, (pseudo-) random patterns. While previous applications of STMs
have focused on individual states and transitions, this study addresses broader-scale modes of spatial
change based on the entire network of states and transitions. STMs are treated as mathematical graphs,
and several metrics from algebraic graph theory are applied—spectral radius, algebraic connectivity, and
the S-metric. These indicate, respectively, the amplification of environmental change by state transitions,
the relative rate of propagation of state changes through the landscape, and the degree of system struc-
tural constraints on the spatial propagation of state transitions. The analysis is illustrated by application
to the Gualalupe/San Antonio River delta, Texas, with soil types as representations of system states.
Concepts of change in deltaic environments are typically based on successional patterns in response to
forcings such as sea level change or river inflows. However, results indicate more complex modes of
andscape change
change associated with amplification of changes in system states, relatively rapid spatial propagation of
state transitions, and some structural constraints within the system. The implications are that complex,
spatially variable state transitions are likely, constrained by local (within-delta) environmental gradients
and initial conditions. As in most applications, the STM used in this study is a representation of observed
state transitions. While the usual predictive application of STMs is identification of local state changes

agem
tify la
associated with, e.g., man
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. Introduction

Environmental changes in landscapes are often spatially com-
lex, due to multiple forcings, spatial heterogeneity of initial
onditions, and interactions among components within the land-
capes. The purpose of this paper is to introduce methods for
dentifying the modes of changes in ecosystems and landscapes, as
n independent tool for interpreting observed changes, as a guide
or the selection of appropriate predictive models, and as a means
or predicting modes of change from knowledge of networks of
nvironmental state-changes.

“Mode” has various definitions, but this project is concerned
ith mode defined as how something happens, or as a particu-

ar functioning condition or arrangement. Modes of environmental
hange are qualitatively different forms, styles, or genres of change.
hus, for example, infiltration-excess or saturation-excess overland

ow are different modes of surface runoff generation; and C3, C4,
nd CAM plants represent different modes of carbon fixation.

In the spatial context, modes are characterized by different
patial patterns of change. The response of coastal wetlands to

∗ Tel.: +1 859 257 6950.
E-mail address: jdp@uky.edu

304-3800/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecolmodel.2010.11.018
ent strategies, the methods presented here show how STMs can be used
ndscape scale modes of spatial change.

© 2010 Elsevier B.V. All rights reserved.

sea-level rise, for example, may be framed in terms of several
different modes, from several different perspectives. Geomorpho-
logically, the areal extent of wetlands may increase, decrease, or
remain constant depending on the balance between net vertical
accretion and coastal submergence. In terms of vegetation commu-
nities, transformations could occur along environmental gradients
of elevation, salinity, or hydroperiod, with community transitions
occurring when critical thresholds are transgressed. Or, transitions
could occur in (pseudo-) random patterns as complex interactions
among biota, hydrology, geomorphology, and soils create a spatial
mosaic, rather than an advancing front, of changes. Conceivably,
then, representations of change could be based on linear succession
or gradient-type models (e.g., Brinson et al., 1995), random mod-
els (c.f. Erfanzadeh et al., 2010), or nonlinear dynamical systems
models (e.g., Phillips, 1992).

This study is framed in terms of state-and-transition models
(STMs), most commonly used in range ecology (see overviews
by Briske et al., 2005; Bestelmeyer et al., 2009), but increasingly
applied in ecosystem science more generally (e.g., van der Wal,

2006; Hernstrom et al., 2007; Czembor and Vesk, 2009; Zweig
and Kitchens, 2009). Essentially, a STM identifies potential sys-
tem states, commonly vegetation communities, and the possible
transformations among them. The conditions under which these
transformations occur are typically further refined based on theo-

dx.doi.org/10.1016/j.ecolmodel.2010.11.018
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:jdp@uky.edu
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etical or empirically determined probabilities, or on ecologically
ased rules or principles. While STMs were conceived as an alter-
ative to classical deterministic succession models, the latter are
pecial cases of STMs, where the state transitions occur in a single
inear sequence. Random models are another special case of STM,

here transition between any two states is equally likely. Zweig
nd Kitchens (2009) discuss the application of STMs to address
omplex succession patterns in wetlands, particularly where mul-
iple stable states are possible.

STMs are typically used to link ecological theory and/or obser-
ations to ecosystem management and restoration, or as tools
o model, predict, or describe ecological changes based on prior
nowledge of processes or phenomena (Bestelmeyer et al., 2009;
weig and Kitchens, 2009). However, the predictive applications
ave focused on individual states and transitions. For example,
iven a particular semi-arid vegetation community, what will be
he changes in community composition in response to grazing
trategies, fire regimes, or brush control? In this study, the con-
ern is with assessing broader-scale modes of spatial change based
n the entire network of states and transitions represented by a
TM.

.1. State-and-transition networks

Ecosystem states and the transitions between them can be
reated as a network, with states as the nodes of the network
r vertices of the associated graph, and transitions as the links
mong the nodes. STMs are, indeed, typically represented as box-
nd-arrow diagrams directly translatable to mathematical graphs.
pplications of graph theory in landscape ecology go back to at least

he early 1990s (Cantwell and Forman, 1993), and earlier in other
spects of ecology, though the methods are unfamiliar enough to
ost ecologists that introductions to basic graph theory concepts

re still presented in most recent papers (e.g., Tremi et al., 2008;
rban et al., 2009). Previous applications dealt primarily with issues
f connectivity and centrality of landscape and habitat elements,
nd dispersal mechanisms or movement pathways (e.g., Cantwell
nd Forman, 1993; Bunn et al., 2000; Bode et al., 2008; Tremi et
l., 2008; Urban et al., 2009; Padgaham and Webb, 2010). This
aper is concerned with the synchronization properties of ecolog-

cal systems represented as graphs, which has not been studied
n landscape ecology or biogeography. Graph theory has also not
reviously been applied to STMs.

Several end-member or archetypal network structures of STMs
an be identified. These provide a template for evaluating the struc-
ural connectivity of real-world landscapes and interpreting modes
f landscape change. A linear sequential STM is a classic succession-
ype form. For example, in a four-state system with states A, B, C, D,
leads to B leads to C and finally to D (with reversals possible due

o disturbance). A cyclical sequential variant may be identified, with
tate D leading back to A. Examples of this would include succes-
ion where disturbance returns the final state back to A. A second
ase is termed radiation. In this case a single state (A) can transi-
ion to or from any of several states (in this case B, C, D). This could
orrespond, for example, to a state A dominated by a highly suc-
essful invading species, whereby invasion of any other state (B, C,
) can result in a transition to A (and removal of the non-native
ay restore B, C, or D). The third extreme is termed maximum con-

ectivity, in which all states are linked so that, e.g., A, B, C, or D
ould transition to any of the other states. This is equivalent to a
andom model, because if any transition is equally possible, then

ver a broad enough area all will be observed. These archetypes are
llustrated in Fig. 1.

Depicting a STM as a network with an associated graph, three
etrics are employed here from algebraic graph theory and spec-

ral graph theory (Biggs, 1994) to characterize the modes of spatial
Fig. 1. Archetypal STM network/graph structures for N = 4, with system states A, B,
C, D.

change. Spectral radius is an indicator of the degree of amplifica-
tion or filtering of changes or perturbations by the system. Fath
and colleagues, for instance, have used this measure as an indica-
tor of the intensity of cycling in food webs represented as graphs
(Fath, 2007; Fath and Halnes, 2007; Fath et al., 2007). A second met-
ric is algebraic connectivity, commonly used as an indicator of the
synchronizability of networks (Biggs, 1994). In the context of this
study, high levels of synchronization indicate rapid propagation of
effects through the spatial network (and vice versa). The S-metric
was derived by Li et al. (2005) as an indication of the extent to which
a system is scale-free. The index is sensitive to the degree to which
network nodes are hubs with multiple links. In the context of this
study the S-metric is an indication of (system) structural constrains
on state transitions. These metrics will be discussed further below.

1.2. Spectral radius

Each STM can be considered as a network represented by a graph
with N nodes (the states) and m edges or links (transitions between
states). These graphs may be directed (transitions are only pos-
sible in one direction along any edge) or undirected (transitions
are possible in both directions). Undirected graphs will be consid-
ered here, as most STMs allow two-way transitions among pairs
of states. Graphs are connected if it is possible to follow a path of
one or more edges between any two nodes. Any graph has a N × N
adjacency matrix A, the entries of which are 1 if the row and col-
umn states or nodes are connected, and zero otherwise. For the
case of an undirected, connected graph A is symmetric. The adja-
cency matrix has N eigenvalues �, which may be complex numbers,
the real parts of which are ordered such that �1 > �2. . . > �N−1 > �N.
The largest eigenvalue is the spectral radius, and �1 is an important
determinant of many system properties (Restrepo et al., 2007). The
spectral radius is directly related to the number of paths or cycles
in a network. �1 < 1 indicates damping or filtering behavior, so that
changes are essentially absorbed by the system. If �1 > 1 amplifi-
cation effects are indicated, with higher values indicating stronger
amplification.

The maximum spectral radius for a graph of a given number of
nodes or states and edges or transitions is

�1,max =
[

2m
(N − 1)

N

]0.5

(1)

Based on this, maximum �1 for the archetypal STM structures can
be determined as follows:
Linear sequential, radiation: �1,max = [2(N − 1)2/N]
0.5

Cyclical sequential: �1,max = [(2N)(N − 1)N−1]
0.5

Maximum connectivity: �1 = �1,max = N − 1
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Using �1, �upper, �max, respectively, to signify the observed
argest eigenvalue, the upper bound on �1 for given N and m, and
he upper bound for a given N (Phillips, in press):

�connection

�total
= (�max − �upper)

(�max − �1)
(2)

�wiring

�total
= 1 − �connection

�total
(3)

he contribution to reduction of �1 associated with having fewer
ransitions or edges than the maximum connectivity or random
ase is given by �connection/�total. The relative importance of the spe-
ific network of connections (i.e., how a given number of nodes are
inked given a specific m) or “wiring” is indicated by �wiring/�total.

.3. Algebraic connectivity

Algebraic connectivity is defined as the second-smallest eigen-
alue (�N−1) of the Laplacian matrix L(A) of the adjacency matrix.
he entries of L(A) are:

ij =
{

deg(vi) if i = j
−1 if i /= j and vi adjacent to vj

0 otherwise

here deg(vi) is the degree of vertex or node i. The degree is equal
o the number of transitions or edges connected a node to other
odes.

Algebraic connectivity (�N−1) is a measure of the synchroniz-
bility of the system (Biggs, 1994; Duan et al., 2009), and is bounded
y the vertex connectivity �(A) and graph diameter D:

4
ND

≤ �N−1 ≤ �(A) (4)

ertex connectivity is the minimum number of vertices or nodes
hat could be removed to disconnect the graph. D is the maximum
hortest path (number of links or edges) between any two vertices.
ertex connectivity is bounded by edge connectivity of A such that
(A) ≤ edge connectivity ≤ minimum degree. Edge connectivity is
he minimum number of edges that could be removed to discon-
ect the graph. Minimum degree is the smallest number of edges
ssociated with any node or vertex.

Vertex connectivity for the sequential and radiation archetypes
s 1, while k(A) = N−1 for the maximum connectivity case. D = N−1
or the linear sequential and N −2 for the cyclical sequential cases.
or the radiation type, D = 2, and D = 1 for maximum connectivity.
hus the following intervals can be defined for algebraic connec-
ivity:

linear sequential: 4/(N2 − N) ≤ �N−1 ≤ 1
cyclical sequential: 4/(N2 − 2N) ≤ �N−1 ≤ 1
radiation: 4/(2N) ≤ �N−1 ≤ 1
maximum connectivity: 4/N ≤ �N−1 ≤ N − 1

.4. S-metric

The S-metric s(g) devised by Li et al. (2005) applies to undirected,
imple, connected graphs with a fixed degree sequence:

(g) =
(N−1)∑

i=1

(didi+1) (5)
here d is the degree of a given node or state (these appear as
he diagonal elements of the Laplacian). By arranging the adja-
ency matrix in order of increasing or decreasing degree, the fixed
egree sequence requirement can be met. The S-metric measures
he extent to which g has a hub-like core. Maximum s(g) values
Fig. 2. Minimum and maximum S-metric values, for systems with three to 100
states.

occur when high-degree nodes are connected to other high-degree
nodes. Further comments on the mathematical developments and
implications are given by Li et al. (2005).

For the archetypal cases:

linear sequential: s(g) =
{∑N−1

i=1

[
(i − 1)N − (i − 1)2]} − N

cyclical sequential: s(g) = ∑N−1
i=1

[
(i − 1)N − (i − 1)2]

radiation: s(g) = (N − 1) + (N − 2)
maximum connectivity: s(g) = (N − 1)3

The application of spectral radius, algebraic connectivity, and
the S-metric is illustrated below.

2. Applications and interpretations

2.1. Modes of environmental change

Spectral radius, algebraic connectivity, and the S-metric are
interrelated and not independent. Highly connected STMs, for
instance, will have higher values of all three. They do, however,
have different sensitivities to various aspects of network structure,
and capture different aspects of spatial landscape response.

The spectral radius is most strongly influenced by the connec-
tivity within the system. STMs where state transitions could be
propagated indefinitely throughout the system without reaching
dead ends will yield high �1 values, while those with more limited
propagation produce lower �1. Higher �1 indicate greater poten-
tial amplification of a change signal in the landscape. Algebraic
connectivity is well established as an index of synchronization in
graphs and networks. In the context of spatial landscape change,
higher algebraic connectivity suggests that changes can ripple
more rapidly through the ecological system, and vice versa. System
structural constraints to change (i.e., chains of transitions through
the landscape) will be reflected in lower S-metrics, and limited
constraints by higher values. The response of these measures to
variations in STM structure is explored below.

2.2. Variation and sensitivity

2.2.1. Spectral radius

As illustrated by Eq. (1), the maximum �1 can be determined for

a graph of any given N, m, as a nonlinear square root function. For
a given number of nodes, m = N× (mean degree of nodes). Varying
m by a factor of 9 only produces a ∼3× change in spectral radius.
The figure shows a greater sensitivity at the low end, but also shows
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hat the spectral radius increase is disproportionately small relative
o N.

Spectral radius is relatively more sensitive to the “wiring” of the
ystem than to the number of transitions. Eqs. (2) and (3) show, for
xample, that for any case other than �1 = �upper, reduction of the
bserved spectral radius relative to �max is less than that associated
ith m less than the maximum connectivity case.

.2.2. Algebraic connectivity
Eq. (4) shows that the upper bound on algebraic connectivity

s linearly related to the vertex connectivity, and therefore to the
inimum degree. For the type of STMs and graphs considered here,

t is strongly constrained to ≤1. In general, the upper bound on
lgebraic connectivity is constrained by the “weakest link” in terms
f the system state with the fewest transitions to other states.

For a given N the lower bound of algebraic connectivity is a non-
inear function of graph diameter, with a decrease in minimum
lgebraic connectivity as graph diameter increases. The function
ecreases rapidly as D increases from the minimum of 1 (for any
raph) but more slowly as D approaches the maximum of N − 1 for
ny connected graph. Algebraic connectivity is thus strongly sensi-
ive to small deviations from the maximum connectivity case, and
ess sensitive to increasingly larger path distances (number of state
ransitions) between the most separated states.

.2.3. S-metric
For a given number of states in a connected graph, the min-

mum s(g) is associated with a radiation type structure, where
(g) = (N − 1) + (N − 2). The maximum occurs for the maximum con-
ectivity case, where s(g) varies as the cube of N − 1. Fig. 2 plots
he maximum and minimum S-metrics for N = 3 to 100. Both mini-

um and maximum s(g) increase very rapidly with N up to about
0, and less rapidly, but still quite strongly, for larger STMs (note
he logarithmic vertical axis). The S-metric is thus highly sensitive
o system size, especially at the lower end. Note also the increase
n s(g)max − s(g)min with N. This shows that the potential variation
n the S-metric is increasingly sensitive to the transition structure
t larger N.

In general, the discussion above shows that the spectral radius
s disproportionately insensitive to the number of states and tran-
itions, and more sensitive to the number of cycles and transition
oops (state transition sequences that may start and end in the same
tate). The algebraic connectivity is most sensitive to the system
tate(s) least prone to transition, and thus to potential buffers or
ottlenecks to spatial propagation of changes within the landscape.
he S-metric is strongly affected by the number of states, and for a
iven N, is increasingly sensitive to the number and magnitude of
ighly connected nodes at larger N.

.3. Modes and metrics

Successional or gradient-driven landscape change would thus
e characterized by STMs with the lowest spectral radius and
lgebraic connectivity relative to N, with low S-metrics as well.
adiation-type change will be characterized by higher spectral
adia and algebraic connectivity than the sequential modes, but the
ajor signature is the S-metric, which should be at or near the min-

mum. The closer a STM is to a random or pseudo-random structure
here any transition between any two states is possible, the closer

ll the metrics will be to their maximum values.
The metrics are also capable of identifying modes other than
he archetypes. For instance, a landscape where change is facili-
ated by a relatively high number of hub-type nodes (states with

ultiple possible transitions), but also limited by at least one state
ith minimal transition connectivity, would be characterized by
relatively high S-metric and relatively low algebraic connectiv-
ing 222 (2011) 475–484

ity. Where a single state is disproportionately important as a hub
(many possible transitions), the S-metric will be low. Where hub-
like structure is limited but many cyclic transition sequences exist,
spectral radius will be high and the S-metric relatively low.

STMs in the literature, as well as the example below, are gener-
ally N < 10. As mentioned above, spectral radius is more sensitive
to changes in system size at lower N than at higher N. The S-metric,
by contrast, shows greater spread and thus greater potential dis-
criminatory power, at higher N (though, again, note the logarithmic
x-axis of Fig. 4).

3. Guadalupe/San Antonio River Delta

This study uses soil types in the Guadalupe-San Antonio River
delta (GSARD) of Texas to represent system states. The case study
was conducted in the context of a broader study of the effects of flu-
vial geomorphic changes (particularly channel shifts or avulsions,
lateral channel migration, and meander cutoffs), coastal submer-
gence due to a combination of sea-level rise and land subsidence,
changes in freshwater inflow due to climate change and water
diversions and withdrawals, and hydrologic modifications (ditches,
canals, levees, etc.).

Soils represent the combined, interacting influences of climate,
biota, topography, hydrology, geology or parent material, and age
or stability of land surfaces. In the study area soil types represent
different combinations of substrates, related to depositional envi-
ronments; topographic settings, reflected in soil drainage and other
properties and related to geomorphic processes and changes in the
fluviodeltaic system; soil chemistry, linked to influences of salt-
water and to parent material chemistry; and the age and stability
of the geomorphic surfaces they occupy. At least three important
gradients occur—a saltwater–freshwater gradient from Guadalupe
Bay upstream into the delta heads, local elevation gradients that
largely control soil drainage and moisture, and age gradients of geo-
morphic surfaces. The ecological significance of the soils as system
states is reflected in the fact that they are assigned different eco-
logical site ratings or designations in the U.S. soil survey system
(Bestelmeyer et al., 2009; NRCS, 2010). The study area soils will be
discussed further in the results section.

3.1. Conceptual models of deltaic change

At least three different conceptual frameworks of landscape
change are relevant to the GSARD. One is derived from the geomor-
phology and sedimentology of deltas, and is based on systematic
changes in geomorphic processes and sedimentary processes as
deltas prograde, erode, or are transgressed by rising sea level. In the
vertical dimension, stratigraphy represents successional sequences
of sedimentary layers and packages. In the horizontal dimension,
topography and surficial materials represent a gradient of relative
importance of fluvial vs. coastal/tidal influences. These conceptual
models are described in most modern sedimentology and sequence
stratigraphy texts, and Anderson and Rodriguez (2008) give exam-
ples of specific sequences for deltas on the Gulf of Mexico coast.
Second, studies of wetland response to rising sea level have iden-
tified sequences of soils and associated vegetation along gradients
of elevation, hydroperiod, and salinity (e.g., Brinson et al., 1995;
Gardner and Porter, 2001).

A third conceptual framework comes from river science, based
on general upstream–downstream and cross-valley environmen-
tal gradients overlaid by local spatial variations and modified by

geomorphological, hydrological, and ecological interactions to pro-
duce, e.g., river styles or functional process zones (Brierly and
Fryirs, 2005; Thorp et al., 2008). This implies cross-valley envi-
ronmental gradients superimposed on down-valley gradients, with
additional local spatial variability imposed on both sets of gradi-
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nts by environmental heterogeneity independent of the cross- and
own-valley gradients.

The conceptual frameworks derived from river science imply
sort of constrained self-organization, in the sense of emer-

ent system states influenced by a hierarchy of environmental
ontrols or gradients. The other frameworks above call for sys-
ematic, succession-type changes along environmental gradients.
owever, the delta stratigraphic framework applies to relatively

ong temporal scales, broad spatial scales, and highly generalized
haracterizations of system state. The wetland response framework
s applicable at more detailed spatial scales and environmental
tate characterizations, but applies only near the leading edge of
xternally driven changes.

These frameworks (and others that might be brought to bear)
re not mutually exclusive or competing, and the STM analysis
s not intended to distinguish among them. Rather, the point is
hat relevant and well-tested conceptual models of environmen-
al change do not necessarily indicate the mode of landscape-scale
patial change. This can be accomplished, however, by examining
he network of state transitions via the spectral radius, algebraic
onnectivity, and S-metric.

.2. Study area

The Guadalupe River, Texas, rises in the hill country of the
dwards Plateau, west of the Austin-San Antonio corridor, and has a
rainage area of about 27,000 km2. The Guadalupe crosses the Bal-
ones Escarpment marking the southeastern margin of the Edwards
lateau, and the Gulf of Mexico Coastal Plain before discharging into
uadalupe Bay, part of the San Antonio Bay estuary. About 11 km
pstream of the bay, the Guadalupe is joined by the San Antonio
iver, which rises near the city of San Antonio. The study area (Fig. 3)

ncludes the deltas of both rivers.
The Holocene development of the GSARD is described by

onaldson et al. (1970), Ricklis and Blum (1997), and Weistein
nd Black (2009). Like other Gulf of Mexico rivers, the lower San
ntonio and Guadalupe Rivers have been profoundly influenced
y sea level change. Throughout the Quaternary a series of val-

ey incision episodes during colder climates and lower sea-levels
ave alternated with aggradation during rising sea-level, creating a
ystem of alluvial terraces within the river valleys, which are them-
elves cut into the older, Pleistocene Beaumont terrace. Sea-level
as generally been rising throughout the Holocene.

Beyond the climate and sea-level driven changes, and associ-
ted Holocene vegetation change, the GSARD is characterized by
umerous channel shifts (avulsions), lateral channel migration, and
eander cutoffs, all of which are common in deltas and coastal

lain alluvial rivers. In addition to these natural changes, since the
830s the delta has been subject to a number of human modifi-
ations, including construction of numerous levees and drainage
itches and canals, water withdrawals upstream, water diversions
ithin the delta area, and oil and gas production. The predomi-
ant land use, other than some areas set aside as part of a wildlife
efuge, is grazing. Oil and gas production occurs generally within
he rangelands.

.3. Delta soils

Soil series mapped in the study area are differentiated by several
riteria related directly to geomorphic processes, Holocene deltaic
volution, age or stability of alluvial landforms, and local edaphic

onditions. These include:

presence or absence of mollic epipedons, which in this environ-
ment develop in wetlands influenced by salt or brackish water
flooding;
ing 222 (2011) 475–484 479

• clay mineralogy, related to depositional environment and sedi-
ment source;

• acidity and alkalinity, linked to proximity to salt water and soil
drainage;

• soil drainage, controlled by elevation and distance from active
channels;

• soil texture, related to depositional environments.

Transitions among soil types can therefore be linked to

(1) changes in relative sea level, which affect salinity, soil drainage,
and alluvial depositional environments;

(2) local channel incision/aggradation, which affects soil drainage
and frequency and duration of inundation;

(3) avulsions and cutoffs, which modify (and locally create new)
depositional environments, and influence frequency and dura-
tion of inundation;

(4) lateral channel migration, affecting depositional environments
and frequency and duration of inundation;

(5) floodplain surface aggradation, which affects surface texture
and soil drainage and frequency and duration of inundation;

(6) age and geomorphic stability of surfaces, which determines the
potential expression of pedogenic features such as cambic or
argillic horizons;

(7) artificial levees and channels, which may influence drainage,
frequency and duration of inundation, depositional environ-
ments, and deposition rates and types.

Beyond the direct impacts of item (7), all of the above may be
indirectly influenced by human agency. The soil taxa found are
discussed in Section 4.

The soil series are associated with specific ecological site charac-
teristics in the soil survey database. In some cases these ecological
sites are associated with identified state transitions in vegeta-
tion communities, often involving savannah, grassed woodland,
woodland, and invaded grassland states. The identified transitions
between them are associated with various combinations of graz-
ing regimes, brush management, and fire regimes (NRCS, 2010;
USDA, 2010). The focus in this study is on transitions among
the soil types, reflecting the geomorphic and hydrologic changes
mentioned above, rather than vegetation community transitions
associated with range management.

3.4. Methods

Soil series mapped in the delta were inventoried
through the U.S. Department of Agriculture Web Soil Sur-
vey (http://websoilsurvey.nrcs.usda.gov/app/HomePage.htm).
Possible transitions were based on three criteria, applied
sequentially:

(1) The soils are spatially adjacent at some location within the
study area.

(2) The soils are geographically related, in that local differences
in, e.g., elevation, result in local juxtaposition of the soil types.
This was determined from the soil survey reports of the two
counties in the study area, Victoria and Refugio (Miller, 1982;
Guckian, 1986). If two of the mapped series are both included
in a broader-scale soil association, or if one soil was listed as
an inclusion in the mapping unit description of another, then
they were considered geographically related. The standards for

defining soil associations, and for describing mapping units and
their inclusions, are spelled out in Soil Survey Division Staff
(1993) and USDA (2010).

(3) Plausible genetic linkages exist between the soil, in the sense
that one series could be converted to another by, e.g., erosion

http://websoilsurvey.nrcs.usda.gov/app/HomePage.htm
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ap derived from 30-m resolution digital elevation data.
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Table 1
Soils of the Guadalupe/San Antonio River delta.

Soil Taxonomya Geomorphic interpretation

Aransas Fine, montmorillonitic
(calcareous), hyperthermic
Vertic Haplaquolls

Low floodplain surfaces in
lower deltatic
fluvial-estuarine transition
zone; influenced by
saltwater inundation

Austwell Fine, montmorillonitic
(calcareous), hyperthermic
Typic Haplaquepts

Low floodplain surfaces in
lower delta; occasionally
influenced by saltwater
inundation

Degolab Fine-loamy, mixed,
hyperthermic Cumulic
Haplustolls

Natural levees & convex
ridges on slowly accreting
floodplain surfaces

Meguin Fine-silty, mixed,
hyperthermic Fluventic
Haplustolls

Stable or slowly accreting
flat or slightly convex
surfaces on inner portions of
active floodplain

Placedo Fine, montmorillonitic,
nonacid, hyperthermic Typic
Fluvaquents

Infilled or partly infilled
paleochanels, lower delta

Rydolph Fine-silty, mixed (calcareous),
hyperthermic Aeric
Fluvaquents

Recent, actively accreting
floodplains, upper delta

Sinton Fine-loamy, mixed,
hyperthermic Cumulic
Haplustolls

Channel belts abandoned by
avulsions; crevasse fillings

Trinity Very-fine, montmorillonitic,
thermic Typic Pelluderts

Low, relatively stable
floodplain surfaces on clayey
overbank & channel fill
deposits

Zalco Sandy, siliceous, hyperthermic Recent sandy fluvial channel
Fig. 3. Study area map, shown as a shaded relief m

or deposition, or improved or impeded soil drainage. This was
based on extensive field observations in the area in connection
with a study on historical changes in water and sediment fluxes
(Phillips, 2010).

An adjacency matrix of these series was constructed, with cell
alues of 1 if the soils are potentially transitional to each other, and
ero otherwise. The spectral radius, algebraic connectivity, and S-
atrix were calculated as described earlier. As nine soil types were

ound, values of these parameters for the archetypical STMs were
lso calculated for N = 9.

. Results

.1. Delta soils and transitions

The nine soils mapped in the GSARD area are shown in Table 1.
he Aransas, Austwell, and Trinity series represent a catenary gradi-
nt of influence by brackish or saltwater flooding in the lower delta,
ith the series, respectively, representing slightly higher elevation

r more upstream positions. The Placedo series occupies infilled or
nfilling abandoned channels in the same area. Transitions among
hese soils may thus be associated with coastal submergence,
hanges in freshwater inflow, local topographic change due to
eposition and surface scour, and avulsions or cutoffs. Note that
he mollic epipedons of the Aransas (and Degola) series do not nec-
ssarily connote geomorphic stability, but rather the accumulation
f organic matter in a wetland environment, with high base sta-

us provided by both salinity and calcareous sedimentary parent

aterial.
The Degola, Meguin, and Rydolph are floodplain soils in the mid-

le and upper delta, either upstream of the group mentioned above,
r on portions of the floodplain further removed from the main

Typic Udifluvents and point bar deposits,
upper delta

a U.S. Soil Taxonomy.
b Some pedons are taxadjuncts, with more alkaline/calcarous subsoils than is

typical for the series.
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Table 2
Adjacency matrix.

Aransas Degola Sinton Austwell Placedo Meguin Trinity Rydolph Zalco

Aransas 0 1 1 1 1 0 1 1 0
Degola 1 0 0 0 0 1 0 0 0
Sinton 1 0 0 0 0 1 1 0 1
Austwell 1 0 0 0 1 0 1 1 0
Placedo 1 0 0 1 0 0 l 0 0

0 0 l 1 l
1 1 0 1 0
0 1 1 0 0
0 1 0 0 0
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Table 3
Results for study area (observed) compared with archetypal structures of a network
of similar size.

Spectral radius Algebraic connectivity S-metric

Linear sequential 1.902a3.771b 0.056 ≤ �N−1 ≤ 1 27
Cyclic sequential 2.000a3.771b 0.063 ≤ �N−1 ≤ 1 32
Radiation 2.828a4.000b 0.222 ≤ �N−1 ≤ 1 15
Max connectivity 8.000 0.444 ≤ �N−1 ≤ 8 512
Observed 4.428 1.402 140
Meguin 0 1 l 0
Trinity l 0 1 1
Rydolph l 0 0 1
Zalco 0 0 1 0

ctive channel(s). The differences between them are based on sub-
le elevation and topographic differences, reflected in significant
ifferences in clay content. There is enough input of silt (or silt
ontent of the parent material) to keep them out of the montmo-
illonitic families that include the Aransas, Austwell, Placedo, and
rinity series. Transitions among these can be caused by local topo-
raphic change due to deposition and surface scour, and changes in
epositional environments associated with lateral channel migra-
ion, avulsions, or cutoffs.

The Sinton series is interpreted by the U.S. Department of Agri-
ultural soil survey program, in both the official series descriptions
atabase and in the local soil surveys (Miller, 1982; Guckian, 1986),
s occupying crevasse fills. However, fieldwork for this study found
hat all large delineations of the Sinton series actually occupy for-

er channel belts abandoned by avulsions, with most of the latter
ccurring in the past 200 years (Phillips, 2010). The Zalco series is
oorly developed and sandy and occurs on coarse recent deposits.
he San Antonio River delta is fine-grained throughout. The Zalco is
ot mapped in that portion of the delta, and no sufficiently coarse
eposits to potentially develop this soil type were observed. Thus
he Zalco series is confined to point bar and channel deposits in the
pper portion of the Guadalupe River delta.

Transitions between the lower delta and upper/middle delta
roups of soils can occur due to coastal submergence or changes
n freshwater inflow, or avulsions that transcend the upper/middle
nd lower delta. The Sinton series could be transformed by vari-
us combinations of burial, inundation, and reoccupation of former

hannel belts; or created from other soils by new avulsions. Stabi-
ization of deposits hosting the Zalco series, with additions of fine

aterial, could result in transitions to the Degola, Meguin, or (most
ikely) Rydolph series. Lateral channel migration or high-flow slugs
f coarse alluvium can create new Zalco locations.

ig. 4. State-and-transition model for soils of the Guadalupe/San Antonio River
elta.
a Computed values assuming a starting point of the first state in the adjacency
matrix.

b Maximum upper bound of �1 for N = 9.

4.2. STM analysis

The adjacency matrix is shown in Table 2, and a graphic version
of the STM in Fig. 4. The spectral radius is 4.428, algebraic connec-
tivity is 1.402, and the S-metric is 140. These are compared with the
values for the archetype configurations in Table 3. The observed val-
ues for spectral radius, algebraic connectivity, and S-metric relative
to those for the archetype STM structures are shown graphically in
Fig. 5.

�connection/�total = 0.656, and �wiring/�total = 0.344, indicating that
about two thirds of the reduction in spectral radius from that
associated with a fully random, maximum-connection extreme is
associated with a reduction in the number of edges or transitions
from 36 to 18. About a third is due to the specific arrangement of
connections.

4.3. Model validation

An avulsion occurred near the upper end of the San Antonio
River delta some time after 1930, when the major course switched

from what is shown on maps as the Old River channel to the mod-
ern river course (Phillips, 2010). At the time of soil mapping, the
Old River channel was still functioning as an anabranch of the San
Antonio River, as shown by the aerial photographic base for the soil

Fig. 5. Observed values for key metrics (large dots) relative to those for archetypal
structures. Each bar is scaled to represent zero to the maximum possible value for
N = 9. LS = linear sequential; CS = cyclical sequential; Ra = radiation; MC = maximum
connectivity.
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visually, but in other cases regression measures are necessary to
ig. 6. Soil transitions in the Old River avulsion zone following abandonment of the
ld River channel. Self-referencing arrows represent persistence of some areas of
xisting soil types. New soil series in the zone are indicated in italics.

aps, and other aerial photographs as recent as the late 1990s. By
he time of field work in 2010, the Old River channel had infilled
o the point that it does not convey flow except during floods.
edologic changes in the Old River avulsion zone (see Fig. 3) were
valuated to determine the extent to which they conform to the
TM analysis. Because these observations were not used to con-
truct the STM model in Fig. 4, this constitutes validation in sense
f Urban et al. (2009).

The soil maps show this portion of the delta to be occupied by
he Aransas, Rydolph, and Sinton series, though the mapped areas of
ransas probably derive their base status from calcareous material
ather than salinity. In some mapped zones of Aransas and Sinton
oils, areas of the Placedo series have appeared as the Old River and
ts tributary channels infill. Changes in sedimentation patterns near
he avulsion site have also converted some areas mapped as Aransas
o the Sinton series, where cumulic epipedons have developed on
he abandoned meander belt, or the Rydolph where active flood-
lain sedimentation is now concentrated. Some formerly actively
ccreting units of the Rydolph series have developed mollic layers
nd transformed to the Meguin series as the surfaces stabilize.

These transitions are shown in Fig. 6, where the Aransas,
ydolph and Sinton series persist in part, and partly transition to
ther soils. Two soils previously absent (or at least unrecognized),
he Meguin and Placedo series, have developed. Five different soil
ransitions occur for the three pre-existing soil types. One series
Aransas) has been transformed into three other soil types, and one
f the previously absent series (Placedo) has developed from two
ifferent “parent” soils.

As discussed more fully below, the spectral radius of the STM
ndicates relatively rapid, complex modes of change, with gen-
ral amplification of effects and increasing spatial complexity,
hich is evident in Fig. 6. Algebraic connectivity is higher than

or sequential or radiation structures, but much lower than for a
aximum-connectivity case, reflecting the role of local environ-
ental gradients. The Old River avulsion zone results are generally

onsistent with this implication, as most transitions are related
o increases or decreases in sedimentation and stabilization of
eomorphic surfaces. The S-metric indicates significant structural
onstraints in the propagation of state transitions, which is also
onsistent with the validation results. All but one (Aransas-to-
lacedo) of the observed transitions in the Old River avulsion zone
s present in the STM model shown in Fig. 4.

. Discussion

The observed spectral radius is more than double those for
equential configurations, and > 1.5 times that of a radiation model.
he spectral radius for the GSARD soil graph is more than half the

aximum possible value for a nine-state system. This indicates
ore rapid and complex spatial landscape transitions than would

e predicted or successfully modeled by successional, sequential,
r cyclical models, or by radiation to or from a single key compo-
ing 222 (2011) 475–484

nent. All the configurations predict amplification of changes rather
than damping, and the measured �1 = 4.428 is indicative of strong
amplification, suggesting that changes driven by, e.g., sea-level rise,
reduced freshwater inflow, or channel shifts would have knock-on
effects throughout the delta.

The maximum possible values for �1 and algebraic connectivity
are associated with the maximum connectivity case. The observed
spectral radius of about 4.4 is 80% lower than that for the maximum
connectivity case. This indicates a complex but nonrandom spa-
tial transformation, constrained by “rules” such as the absence of
Zalco in the San Antonio River delta, the association of Sinton with
avulsions, and the “taxonomic distance” between some series (e.g.,
Aransas and Meguin) which would require geomorphic changes
through one or more intermediary states.

The observed algebraic connectivity is more than six-fold lower
than for the maximum connectivity case, reflecting the fact that
transitions are possible, or at least more probable, along gradients
of, e.g., elevation, saltwater influence, and geomorphic age. Thus the
synchronizability is much lower than for a fully connected, random
case.

The S-metric is an order of magnitude higher than that of the
sequential and radiation forms. The value much lower than that
for the maximum-connectivity case indicates that there are signif-
icant structural constraints on propagation of responses within the
system.

In the GSARD, results indicate that external drivers of change
such as, e.g., coastal submergence from the bay and lower delta,
or changes in fluvial water or sediment inputs from the upper
delta, will not result in a mode of change characterized by rela-
tively simple spatial translation along environment gradients, nor
by convergent state transitions. Rather, results suggest a complex
pattern of state transitions throughout the delta, with multiple
local and overall possibilities, and controlled by localized rather
than delta-wide environmental gradients. Results also suggest that
drivers of change within the delta, such as a water control structure
or a meander cutoff, may trigger chains of state transitions. Land
managers planning for sea-level rise, or water resource managers
exploring potential impacts of upstream withdrawals or diver-
sions, for example, should thus not expect an advancing wave
of state transitions, but a complex, spatially variable mosaic of
change.

Because the STM is based on observed spatial adjacencies and
change indicators, errors of commission (inclusion of transitions
which can or do not happen) cannot occur unless the empirical
observations are erroneous. However, as the validation test in the
Old River avulsion zone shows, errors of omission may occur. This
suggests that, where confidence in the observations underlying an
STM is high, any errors in �1, algebraic connectivity, or s(g) are likely
to be underestimates. This is because errors of omission undercount
m, and all three parameters increase, other things being equal, as
the number of links or edges increases.

In some cases the structure of a graph or STM is visually evi-
dent when the pattern is (or is close to) one of the archetypal
structures such as the examples in Fig. 1, canonical graphs ana-
lyzed in the mathematical literature (see, e.g., Biggs, 1994) or other
common configurations such as those related to landscape con-
nectivity structures outlined by Cantwell and Forman (1993). In
other cases the extent to which an STM represents—or deviates
from—sequential, radiation, or random structures is not obvious
from visual inspection. The situation is analogous to that of an x-
y scatterplot—in some cases the relationship is easily recognized
characterize the nature of the relationship, and in any case are
useful for quantification thereof.

Three objectives in introducing these methods for identifying
the modes of changes in ecosystems and landscapes were out-
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ined in the introduction: a tool for interpreting changes, a guide
or the selection of appropriate predictive models, and a means
or predicting modes of change from knowledge of networks of
nvironmental state-changes. These may be illustrated using the
SARD case study. Observations of divergent development of soils,

andforms, or ecosystems, or habitat fragmentation, would be inter-
reted according the STM analysis as an expected outcome rather
han an exceptional case. By the same token, observations of mono-
onic sequential changes would be interpreted as an exceptional
ase (in a case such as this where confidence in the STM is high),
ot likely to persist or recur.

The STM analysis would suggest use or development of pre-
ictive models that can accommodate multiple pathways and
utcomes. This, in turn, points to, e.g., river styles or functional pro-
ess zone conceptual models rather than sequence stratigraphic
r river continuum frameworks for geomorphology; full imple-
entation of soil-landscape or state factor models (in preference

o simplified catenary or chronosequence relationships) for soils;
nd plant community STMs (like those used for rangeland com-
unities in south Texas) instead of linear successional models for

egetation.
At this point, and in this example application, predictions pro-

uced by the STM analysis are qualitative and imprecise, as outlined
bove. In the GSARD, for instance, results predict that an avulsion
s likely to trigger a complex chain of responses, but that responses

ill not be synchronous. The direct predictive power of the analysis
s thus relatively small. However, by conducting similar assess-

ents of other STMs, insight can be gained into how individual
ocal environmental state transitions are translated to the land-
cape scale.

. Conclusions

State-and-transition models of landscape and ecosystem change
an potentially represent many modes of environmental change,
rom simple successional or gradient-driven transitions to complex
nd (pseudo-) random patterns. Representing STMs as mathemat-
cal graphs allows several metrics derived from albegraic graph
heory to be applied to assessing modes of landscape change from
TMs.

Spectral radius of the adjacency matrix of the STM graph reflects
he number and length of cyclic transitions within a landscape, and
he extent to which environmental change is likely to be amplified
y state transitions. Algebraic connectivity, a measure of network
ynchronizability, indicates the rate of propagation of state changes
hrough the landscape. The S-metric quantifies the extent of sys-
em structural constraints to the propagation of state changes. In
ddition to reflecting different (though related) aspects of STMs,
hese measures have varying degrees of sensitivity to the number
f potential states, the number of possible transitions among states,
nd the specific arrangement or “wiring” of state transitions.

The case study from the GSARD indicates amplification of
hanges in system states represented by soil types, relatively
apid spatial propagation of state transitions, and some struc-
ural constraints within the system. The implications are that
omplex, spatially variable state transitions are likely, con-
trained by local (within-delta) environmental gradients and initial
onditions.

The utility of the STM analysis for interpretation of observed
nvironmental change, and to guide choices of specific predic-

ive models, is high. The direct predictive power is relatively low,
hough the qualitative prediction of modes of change may be quite
seful in some cases. However, analysis of other STMs can build

nsight into the landscape-scale modes of change associated with
pecific local state transitions.
ing 222 (2011) 475–484 483
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