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2.1 Overview
This Chapter provides a generalized overview of the objectives and design of ecological
models of wetland systems. The intent is to broadly introduce the reader to the important
wetland characteristics that are typically the focus of ecological models, without delving
into any specifics of the Everglades or of the Everglades Landscape Model. A draft of
this text was submitted for publication in Elsevier B.V. publishers’ “Encyclopedia of
Ecology 1”.
While wetlands have a wide range of characteristics, ecological models of these systems
share at least one general goal: to understand the ecological responses to varying
magnitudes and frequencies of flooding. Regardless of the specific objectives and the
level of model complexity, a principal driver of wetland models is flooding and
associated surficial sediment saturation. These wetland physics influence the selection of
the implicit or explicit ecological processes to be considered in model development. The
hydrology is thus an important consideration in the spatial and temporal scales of the
model. Horizontal and vertical transport processes establish the basis for biogeochemical
transformations of nutrients in shallow surface waters and the upper sediment layers.
Sediment accumulation and loss combine with vegetative and algal dynamics to lead to
varying trajectories of habitat type in space and time. Animal trophic dynamics respond
to these physical and biological processes as wetlands evolve over time. Integrated
models across this spectrum of ecological process complexity are usually limited by our
state of knowledge, particularly over long time scales. In combination with directed
research and monitoring, the diversity of ecological modeling in wetlands is leading to
improved understanding of wetland dynamics. In an era of increased management of
wetlands, judicious application of this model-based knowledge should aid in more
informed decisions regarding the fate of wetlands.

1

Draft of invited article, under review for publication in: S.E. Jøergensen, Editor in Chief. Encyclopedia
of Ecology. Elsevier BV, Amsterdam, Netherlands.
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2.2 Introduction
Wetlands encompass a variety of ecological characteristics, distributed across a wide
range of climates. Ecological models of wetlands are likewise a diverse assemblage of
tools for better understanding each particular ecosystem. However, these models
generally share a common characteristic: a method to consider the responses of some part
of the ecosystem to varying magnitudes and frequencies of flooding. For some purposes,
this may be as simple as an assessment of the suitability of specific ranges of water levels
for different biological communities. More complex ecological modeling tools may
investigate biogeochemical dynamics under varying interactions between surface and
ground water flows. A model of further ecosystem integration couples these hydrologic
and biogeochemical processes to those of plants and higher trophic levels within a
wetland.
Regardless of the objectives and the level of model complexity, a principal driver of
wetland models involves the hydrology of flooding and associated surficial soil/sediment
saturation. These wetland physics influence the selection of the implicit or explicit
ecological processes to be considered in model development. Important modeling topics
such as algorithm formulation (e.g., biogeochemical process equations) and model
analysis (e.g., uncertainty) are specified in other articles. Moreover, other articles
consider ecological models of a separate class of wetlands that are engineered or
“constructed” for mitigation of anthropogenic disturbances. This article emphasizes the
selection of appropriate model processes relative to the defining characteristics of
“natural” wetland ecology.

2.3 Model Objectives
Defining the objectives is an important first step in modeling. Often the (real or
perceived) failure of models is a disconnect between two model “niche” spaces: a) the
expectations of the users for model application; and b) the original intent of the model
design. The utility of a model lies in the intersection of expectations and design intent – a
basic point that is sometimes lost in practice as a result of inadequate communication.
For example, a model that is designed to explore alternative hypotheses of the effects of
climatic disturbances on vegetative succession can enhance understanding of potential
responses to infrequent events. Particularly if supporting data for the model are sparse,
such a model may not necessarily be the most appropriate tool to use in predicting the 1020 year ecosystem responses to managed water flows into a relict wetland. Conceptual
models serve an important role in this process. The simple conceptual models of wetland
ecology that are summarized here can serve to organize information on scientific knowns
and unknowns for a particular (set of) objective(s), and thus be useful ecological models
as such. However, the primary intent of their presentation is to highlight the important
wetland dynamics that are implemented as mathematical simulation models at various
scales of space, time, and process- complexity.
For the conceptualization step, it is convenient to separately consider hydrology,
biogeochemistry, and the biology of plant and of animal components – or modules in a
simulation model. The interaction of these organisms and their environment (i.e.,
ecology) can be considered either implicitly within any of these modules, or explicitly
within an integrated model framework of interacting modules. Conceptually, many
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different ecological models of wetlands can be summarized as different trophic level
responses to a hydrologic “driver” (Figure 2.1a). The water levels or flows drive the
response of the ecological component of interest, with no feedbacks from those dynamics
that affect the hydrology. For example, some wetland nutrient models are as simple as
employing a first order equation that describes nutrient loss from surface water when it is
present. Alligators have specific hydrologic requirements for nesting and other activities
in order to maintain a viable population. A simple alligator model driven by changing
surface water depths can investigate the long term population sustainability under
different scenarios of hydrologic perturbations. Both of these examples focus on the
influence of water levels on ecosystem properties, but do not consider how those
properties may in turn affect water levels (i.e., through changes in vegetative resistance to
flow, or altered microtopography). Such simple modeling frameworks can extrapolate
spatial and/or temporal trends, aiding the understanding of wetland component of
interest.
Integrated model(s)
at varying trophic levels

Simple response models
at varying trophic levels

Animals

Animals

Habitat

Habitat
Nutrients

Nutrients

Water

Water

Figure 2.1. Trophic level and aggregation of different models. a) As simple (Nutrient, or
Habitat, or Animal) models of ecological responses to hydrology incorporate higher trophic
levels, the number of (implicit) aggregated processes increases. b) With increased explicit
integration among trophic levels, the complexity of interacting equations may increase
geometrically.

There are varying degrees of aggregation in such models of trophic level responses to
hydrology, with an increasing total number of aggregated processes with increasing
trophic level. (Network or energy analyses of ecosystems point to this increased
complexity with trophic level). A simple model of habitat responses to decreased water
levels may assume that limiting nutrients do not increase with soil oxidation over time.
Similarly, a model abstraction of a herbivore population response to changing wetland
hydrology may make the basic assumption that the freshwater marsh habitat does not
change to an upland during the simulation. Each of these broad assumptions actually
implies a suite of more detailed assumptions regarding the actual interactions that occur
in the actual wetland system. The broad assumptions make use of observed correlations
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between an altered input (water flow) and an altered ecosystem property, but generally
mask the underlying causal processes behind the resulting ecosystem change(s). While
simplifying the mathematical equations of model structure, simple assumptions still must
be verified for the conditions being considered. Nevertheless, such broad assumptions
can be very reasonable in the correct context of model application, and they provide the
framework for simple, successful simulation to better understand a part of the wetland
ecosystem. A point to keep in mind is that simple ecological models tend to make
complex assumptions in aggregating complex system dynamics.
While simpler models of a wetland habitat may aggregate the affects of processes such as
nutrient cycling and plant herbivory, more complex integrated approaches include some
explicit level of those lower and higher trophic level interactions (Figure 2.1b). The
algorithms rapidly become more complex with those interactions, with the intent of the
design presumably to increase the realism as constraining assumptions are lifted. In the
simple models of trophic response to hydrology, the developer has a few large
opportunities to misrepresent the actual wetland dynamics. Alternatively, as the numbers
of interactions are increased in an attempt at greater “realism”, the developer increases
the number of ways to produce a simulation that fails to characterize the targeted
components of a wetland system. A cornerstone of model conceptual and mathematical
development is assessing the most effective tradeoff between two factors: model
complexity and predictability. At some point, an increase in model “reality” of
simulating complex interactions is (usually) associated with a decrease in accurately
tracking all of the observed behaviors of the system (i.e., model predictability) – largely
due to incomplete scientific understanding. Ecosystems are notoriously complex
systems, with significant data requirements in order to parameterize an “entire” suite of
interactions for a given ecosystem. To meet the objectives of a modeling exercise, a
fundamental step is to determine the ecological processes that are important to the
wetland dynamics of interest – and what processes are supported with sufficient
observational rigor relative to the overall modeling goals. The important or unique
processes of wetlands that are considered in ecological models are summarized in a
hierarchy of trophic levels below.

2.4 Model Design
2.4.1 Water
“Getting the water right” is a primary consideration in understanding the dynamics of
wetlands, and the phrase is a driving principal behind an ambitious restoration effort in
the remnants of the vast Everglades wetlands of North America. The hydrologic
“engine” of ecological models of wetlands is the foundation of the spatial and temporal
scales of the other ecological components of the model. The science of hydrologic
modeling is extensive, and here we simply touch upon some of the important
considerations for supporting ecological models of wetlands.
At the simplest level, the hydrologic driver of a wetland model may consider surface
water alone as a single unit (Figure 2.2a). While this concept may be useful in modeling
a component such as fish survival in a homogenous area, it can be extended to consider
spatial variation in topography and water depths, employing a 2D surface water model.
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Alternatively, the more important physical driver of an ecological component (e.g., for a
rooted macrophyte community) may be temporal transitions among ponded, saturated,
and unsaturated sediments within a unit area, in which case the spatial discretization lies
in the vertical zonation among surface and ground water storages. In one of the more
comprehensive spatial frameworks (Figure 2.2d), both horizontal spatial heterogeneity
and changes among vertical storages are important to the objectives, leading to a layered
2D or fully 3D dynamic model. While the physics of any of these implementations are
well understood, the most complex discretizations require increasingly extensive data and
computing resources to implement. Additionally, because of the special expertise that
may be needed, it is common for ecological models of wetlands to employ some degree
of indirect or direct linkage to existing hydrologic models of the system being considered.
Spatial complexity of
hydrologic drivers
c)

d)

Surface Water

Surface Water

Ground Water

Ground Water

a)

b)

Surface Water

Surface Water

Complexity - Horizontal discretization
Figure 2.2. Spatial discretization of the hydrologic component of wetland models largely
determines the questions that can be addressed. a) Simplest case, with ponded surface
water depths of a single unit area; b) Horizontal extension of surface water across multiple
spatial units; c) Vertical stratification of surface and ground water storages; d) Complex
case of both vertical and horizontal spatial discretization.

Concomitant with the spatial considerations are those of the hydrologic processes (Figure
2.3) that are important to the ecological dynamics – hydrologic drivers that operate at
time scales of minutes to days. When the water table (or stage) height is below ground
surface, the distance from ground surface to the saturated water table is a zone of
potential unsaturated storage within the pore spaces of the sediment. Ponded surface
water generally denotes an underlying saturated ground water storage, with the water
table above ground surface. Spatially distributed differences among water table heights
present hydraulic head gradients. Resultant surface and ground water flows are modeled
using a variety of computational methods. These horizontal flow calculations are
dependent on the sediment and vegetation resistance associated with surface waters, and
the hydraulic conductivity of the subsurface aquifer, respectively. Such overland and
groundwater flow computations establish the basis for much of the other physical
characteristics of a wetland model.
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Other important design considerations for any wetland hydrologic model are the
atmospheric exchanges. An elementary model of an isolated wetland may be primarily
driven by estimates of net rainfall, which is the difference between vertical inflows of
precipitation and losses to the atmosphere by evapotranspiration. Precipitation is most
often a forcing function that is input to ecological models, as are a variety of other
meteorological observations that are used to determine potential and actual evaporation
and transpiration (combined into evapotranspiration, or ET). While the mechanistic
detail is relatively complex, potential ET is a function of the net energy gradient between
the wetland and atmospheric storages of water. Actual ET is largely determined by the
available water storages in the wetland, and is influenced by emergent vegetation. In the
absence of ponded surface water, actual ET rates are largely driven by plant transpiration
and the depth of the unsaturated zone of storage in the soil relative to root depth. This
biological effect is often simply determined through the use of static model parameters
relating to land use or habitat type. These ET losses are withdrawn from surface and
subsurface water storages, and are a principal component of the hydrologic budget. In
particular, depth variations in ponded surface and unsaturated zones have significant
repercussions in modeling ecological responses of wetlands.
Hydrologic processes
Atmospheric
water flows
Surface water
depth

Surface water
flows
Water table
elevation

Surface -- Ground
water flows

Ground water
flows

Unsaturated water
depth
Deep aquifer
water flows
Vertical solutions

Horizontal solutions

Figure 2.3. Hydrologic processes that influence ecological dynamics. Exchanges between
surface waters and the surficial zone of the subsurface groundwater storages become
particularly important in wetlands, with highly dynamic water tables relative to land surface.
Rectangles denote attributes such as storage or height of water; flow processes are shown
in rounded rectangles. Flow algorithms are distinguished here between their vertical vs.
horizontal components. Flows that often are assumed to be of relatively minor importance
in direct ecological responses are in lighter font.

Hydrologic linkages among the subsurface and surface storages are a defining
characteristic of wetlands. They also can present relatively complex modeling problems,
particularly in the presence of spatially distributed hydraulic gradients. In the presence of
an unsaturated zone of water storage, surface water (from rainfall or local runoff)
infiltrates into the pore spaces of the subsurface sediments. In fully saturated media
overlain by ponded surface water, transpiration by rooted macrophytes withdraws water
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from subsurface storage, advecting water from surface to subsurface storages.
Differences in the heights of the water table induce hydraulic gradients across space,
leading to horizontal flows in the groundwater and the surface water. Depending on the
changes in local storage capacities, these flow dynamics can result in vertical upflows or
downflows among the surface and subsurface storages. Integrated hydrologic modeling
of such surface and groundwater dynamics has been accomplished at a variety of levels
of mechanistic detail. Ultimately, the importance of the detail in modeling these changes
in surface – ground water storages and flows depends on the objectives of the modeling
effort.
One of the more common design constraints for wetland ecological models is that of
matching spatio-temporal scales of the hydrologic and biological processes. Water flows
are usually considered at scales of minutes to days, whereas upper trophic level responses
of plant and animal communities operate at time scales that are orders of magnitude
greater. With models specific to hydrology often tending to emphasize fine temporal
response algorithms, the computational requirements for hydrologic flows tend to reduce
the model time domain, and tend to use spatial resolutions that are coarser than optimal
for understanding spatial heterogeneity of ecological dynamics over annual to decadal
time scales. Thus, the selection of the hydrologic characteristics to drive wetland
ecological models can become a crucial factor in the endeavor’s scope and objectives.
2.4.2 Nutrients
Wetland modeling of nutrients not only involves a strong degree of coupling to
hydrologic flows for nutrient transport, but is highly dependent on biological
transformations. This dependence, however, again is directly related to the hydrology via
intermittent flooding or saturation of the wetland soil and sediments, which largely
determines the relative degree to which aerobic or anaerobic rates and processes are
operative. Rarely is surface water very deep, if present at all in a generalized wetland.
This results in a high surface area of (soil/sediment and vegetative) biological interaction
relative to water volume. In parallel with water levels, nutrient availability to
macrophytic, algal, and microbial communities becomes an important driver in the
development of plant communities and organic soil accretion. Chemical sorption and
precipitation mechanisms exert an influence in the wetland biogeochemistry that varies
among systems, often dependent on the mineral content of underlying sediments.
Modeling wetland nutrients involves determining the most useful combination of the
physical hydrologic drivers and the biological mediation of nutrient transformations.
Nutrient transport
Advective
constituent flows
Diffusive
constituent flows

Surface -- Ground
water flows

Vertical solutions

Surface water
flows

Advective
constituent flows

Ground water
flows

Dispersive
constituent flows

Horizontal solutions

Figure 2.4. Transport processes of nutrients and other water-borne constituents. Beyond
transport shown here, the fate of nutrients is highly dependent on biological activity in
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shallow surface waters and the upper sediment zone. Flows that often are assumed to be
of relatively minor importance in direct ecological responses are in lighter font.

Transport of nutrients and other constituents (e.g., salts) in the vertical and horizontal
dimensions (Figure 2.4) is directly linked to hydrology. In most spatially distributed
models, calculations of water advection in the horizontal dimension are coupled in some
direct fashion to transport of nutrients that are dissolved and/or in suspended particulate
forms. In addition to this transport mechanism, dispersive flux (i.e., a case of diffusion in
turbulent flow regimes) further propagates constituents across space. This becomes
important primarily in surface flows, rather than in the slower subsurface flows through a
sediment zone. Because of the spatial and temporal variability in topography and
vegetative resistance in these very shallow flow regimes, the relative contribution of
dispersion to total nutrient transport remains difficult to accurately quantify.
Instantaneous water velocity measurements at different locations in the water column, in
combination with dispersion of dye tracers, provide some of the more useful, if still
uncertain understanding of this transport process across a wetland region.
As noted in the hydrologic discussion, water flows involving the subsurface groundwater
storages can lead to vertical gradients of flow between subsurface and surface waters.
Mass balance dictates that dissolved nutrient constituents are advected with those vertical
flows, including surface to subsurface flows induced by withdrawal of subsurface water
by rooted macrophyte transpiration. Particularly in regions where transpiration is a major
component of the hydrologic budget, this plant “pump” has the potential to mix water and
nutrients among the surface and subsurface storages, albeit over a short distance
approximating the root zone depth. Dissolved constituents also move across diffusion
gradients between the surface and subsurface storages, though rates across very short
diffusion lengths are usually low relative to other potential biological and physical flux
mechanisms. The surficial sediments associated with the root zone are often modeled as
the most “active zone” for biogeochemical dynamics of uptake and mineralization. As
emphasized in a later section, dynamic water tables in this sediment zone establish a
range of potential trajectories in nutrient and habitat status.
Phosphorus and nitrogen are the primary nutrients that are usually considered in wetland
models, as one or the other are typically understood to be a limiting factor of wetland
productivity. Nitrogen cycling is conceptually (and mathematically) more complex than
that of phosphorus, principally because of the presence of atmospheric exchanges
(nitrification and denitrification), and the more involved suite of oxidation-reduction
reactions that transform nitrogen into inorganic forms of different bio-availability.
Beyond nutrients that potentially limit biological reactions, modeling salinity in relation
to hydrologic flows is a major component of coastal wetland models.
Boundary condition inflows of these nutrients from the atmosphere and from overland or
groundwater sources are often a significant source of uncertainty in biogeochemical
components of an ecological model. Wet and dry atmospheric deposition of nutrients
such as nitrogen and phosphorus are difficult to measure in the field, and usually are
assumed to represent minimal contributions to any external load to a wetland.
Nevertheless, these atmospheric inputs may be the only external load to some systems.
Most other wetlands have the added complexity of horizontal inflows. Even in the cases
where overland and groundwater flows are measured or inferred with relative accuracy,
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nutrient concentrations associated with those flows are seldom monitored or understood
at the relatively short time scales associated with the sometimes rapid changes in water
flows.
Because of the potential assimilative capacity of wetlands for nutrients, “water quality”
modeling in these systems has been of interest in a variety of nutrient management
contexts. The efficiency of engineered, or constructed, wetlands in assimilating
anthropogenically derived nutrients in surface waters has been investigated using a range
of modeling techniques. Some of these efforts are based on first order equations of
highly-aggregated nutrient losses from surface water storages, taking advantage of the
simplifications possible through constructed wetland design and relatively predictable,
managed water levels and flows. Physical entrainment and settling of suspended
particulate matter, with associated nutrients, is combined with all other water column
nutrient losses into parameters that aggregate the net nutrient assimilation by the
biological and physical components of the wetland. The residence time of a water parcel
as it flows through the wetland parcel becomes a primary consideration in determining
nutrient assimilation of the wetland.
Ecological models associated with biogeochemical transformations in natural wetlands
may start with a similar, simple suite of assumptions of relatively controlled physics and
biology. The objectives of ecological modeling projects typically extend these modeling
concepts to incorporate an increasingly broad suite of biogeochemical interactions.
Because of the potential prevalence of microbial- and plant- based uptake and release of
nutrients in wetlands, an important step in wetland nutrient modeling is an estimation of
these biological contributions to total wetland nutrient budgets. Understanding these
contributions becomes complex in wetland models due to the frequency with which the
system is alternately wetter and drier, with resulting changes in primary nutrient controls.
The regular (often diel) fluctuations in flooding of tidal wetlands greatly contrast with
isolated peat bogs that are dominated by seasonal or interannual cycles of net
precipitation. These physical drivers are a major influence on the ecosystem type and
landscape pattern that develops over long time scales, and thus the resulting biological
processes that influence nutrient chemistry. For example, algae or periphyton (a
composite of algal and microbial communities) are of relatively low importance in carbon
production and nutrient uptake in an isolated wetland with infrequent flooding, while
they can be the major nutrient uptake mechanism in a model of a freshwater wetland with
extended hydroperiods (i.e., flooding duration). The methods for simulating nutrient
processes associated with algal, gramminoid, and forested plant communities take on a
wide range of process complexity, and are generally not unique to wetland models. As in
other ecosystems, a primary consideration in modeling these biological effects in
wetlands is understanding the spatial and temporal variations in biomass, productivity,
and mortality of these biotic variables, including their relative nutrient uptake affinities.
Production and mortality of plants (and, to a much lesser extent, animals) establishes the
source of organic material that may accumulate as part of the sediments of a wetland.
Much of the complexity of wetland nutrient modeling stems from the variations of a
water table level relative to land surface, affecting the extent to which the sediments are
sources or sinks for nutrients. At a simple conceptual level, prolonged flooding or
saturation of sediments tends to lead to anaerobic conditions in the sediments, with
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resulting lowered rates of organic decomposition compared to unflooded, more
oxygenated zones.
Microbially- driven mineralization of organic detrital storages of phosphorus and
nitrogen makes them available for plant uptake, or to be precipitated or sorbed back into
the sediment/detrital storage complex. Laboratory isolation of specific flux paths such as
sorption and desorption provides baseline rates of nutrient dynamics. However, the
presence of interactions among biotic, chemical, and physical potential fluxes leads to a
significantly more complex modeling problem. With fluctuating water tables around the
sediment and surface water interface, and varying biological activity, discerning the
(importance of) rates of the alternative pathways of nutrient flux is an ongoing topic of
research. Model hypotheses can explore the repercussions of varying the magnitudes of
such alternative paths, providing insight that may guide research goals.
2.4.3 Habitat
Habitats of wetlands have various operational definitions, and wetland habitat delineation
is the subject of significant scientific and regulatory efforts. For the purposes of this
modeling overview, habitats are simply considered to be combinations of soil/sediment
and plant community characteristics. Principal characteristics of a generalized wetland
habitat are the function of sediment accretion, and the related structure of the macrophyte
and/or algal communities. Some of the more important applications of ecological models
in wetlands involve understanding the processes that lead to alternative trajectories of
habitat types – which support animal populations of interest. This leads to significant
modeling challenges: understanding and quantifying the rates of sediment accretion and
plant succession, under baseline and altered conditions, and generally across a long time
domain.
Water and nutrients are two primary drivers of the development of wetland habitats.
Modeling those dynamics over short time scales of months to years provides a snapshot
of insight into the ecological interactions within given habitat types. However, the
development and maintenance of habitats involve cumulative interactions over much
longer time scales. A myriad of biological, chemical, and physical interactions can lead
to changes in habitats. The succession of macrophyte communities, and accretion of
sediments, become observable at multi-year or decadal time periods, with infrequent
disturbances being a third major driver of the long term habitat trajectories. The
frequency and magnitude of events such as prolonged drought or severe storms has the
potential to significantly modify ecological processes, and thus the status of habitat types
in a modeled wetland. Major disturbances including fire and hurricanes are specific to
particular wetlands, and can directly modify the habitat structure and underlying
ecological processes, as seen in examples of coastal and freshwater wetlands of
southeastern North America.
Rather than consider all of the potential ecological interactions, models of habitat
changes usually simplify the objectives to focus on more specific processes that are
understood to be most important to the system of interest. While periphyton community
dynamics may be modeled as an important habitat characteristic in the Everglades
wetlands, sediments and macrophytes are typically the focus of models of wetland habitat
change.
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Some of the simplest such models involve dimensionless habitat suitability (0 – 1)
indices, reflecting assumptions of the suitability of particular environmental conditions to
maintain or establish some desirable habitat type. Hydrologic data and best professional
judgments are typically the primary drivers of the suitability index. Models of this type
serve to organize available (usually limited) information on the ecosystem requirements
into a framework for discerning the relative benefits of alternative scenarios of wetland
management.
With more advanced knowledge of the environmental drivers and biological responses,
more of the causal factors for habitat change can be incorporated into an ecological
model. Plant communities are a conspicuous component of wetland habitat structure, and
processes associated with their population dynamics comprise an important part of
wetland function. Ecological modeling of plant production and mortality has a long and
diverse history. Terrestrial, marine, and lake literature provides a rich background for
understanding the methods available for macrophyte and algal simulations, for a range of
scales and objectives. Associated with the wetland hydrology, coastal wetland models
often incorporate flow-induced salinity stressors on production or respiration/mortality.
The extent to which nutrient biogeochemical processes interact to limit plant growth
varies widely among model objectives. One of the more characteristic components of
wetland plant models involve the need to develop response mechanisms for hydrology
that may range from flooded to very dry, multiple times within a plant generation.
Dynamics of plant populations comprise an important component of wetland habitat
modeling. Extending this, models of wetland vegetative succession provide insight into
long term habitat trajectories. The most appropriate time scales range across multiple
decades (to perhaps centuries), particularly for long-lived trees in mangrove, cypress, or
riparian bottomland forests. Depending on the objectives, these models vary along a
continuum of spatial and ecological-process complexity. Implied or explicit equations of
competition for space and/or resources are commonly employed. However, compared to
the number of models involving ecological processes at shorter time scales, there are
relatively few succession-oriented wetland models.
Succession models of canopy gap dynamics in mangrove or other forested wetlands tend
to synthesize physical and biogeochemical processes that influence individual trees and
their canopy interactions. Simulation of the succession of species or specific community
types is generally targeted to local plots that are sized on the order of tens of meters.
Those dynamics can potentially be scaled up to apply across multiple plots within a larger
regional landscape model. However, in the case of large spatial domains where water and
constituent (nutrient and/or salt) flows are considered important, century-long simulations
can become constrained by the data and computational complexity of the combination of
spatially distributed gap dynamics plus hydrologic and constituent drivers.
Models of the pattern of long term vegetation succession dynamics in gramminoid
wetlands tend to encompass a slightly shorter, but still multi-decadal, time scale that is
associated with higher turnover rates of these plants compared to trees. While forest
models may consider vertical spatial gradients within the understory and canopy,
reduced-statured gramminoid succession has less of a vertical spatial dimension. Models
of transition probabilities among habitats have provided the basis for understanding the
principal variables associated with habitat changes, and such efforts tend to drive further
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research into causal factors underlying the change. Beyond the wetland hydrologic
processes, gradients of stressors such as salinity or subsidies such as nutrient loads can be
used to drive the relative success (or switching) of plant communities.
Whether via direct simulation of population processes, or indirectly via suitability
indices, habitat change in wetlands is strongly affected by the cumulative effects of water
depth and duration – which is directly coupled to changes in land surface elevation. With
such interactions among biological and physical processes, which is of primary
importance: the sediments or the vegetation component of habitat? That sometimes
depends on whether the modeler is a soil or a plant ecologist! More precisely, it depends
on how the physical hydrology interacts with the biological and chemical dynamics of the
wetland over long time scales.
Land elevation patterns are modified by water velocity and associated erosion or
deposition (Figure 2.5). These sedimentary processes shape creek geomorphology in
tidal marshes that are largely high in mineral content. The organic soils of the Everglades
have directional patterns that are clearly modified by water flows; the degree to which
erosion and deposition of very fine flocculent detritus particles shape these patterns is a
priority research topic in that wetland restoration effort. Hydrodynamic algorithms that
use first principals of conservation of both mass and energetic momentum are frequently
used in engineering applications to understand sheer stresses on sediment particles. With
such physical dynamics operating at very short time scales, further challenges remain in
effectively aggregating their effects within models that consider multi-decadal
sedimentation dynamics.
A significant component of elevation changes in wetlands is due to positive feedbacks
from accumulation of above and below- ground plant detritus. Root growth and mortality
accumulate organic matter in the soils, and above ground plant dynamics add to that
elevation potential. Countering this potential rise is the oxidation of the soil organic
matter. Rates of this microbially-mediated decomposition are dependent on the quality of
carbon (e.g., the refractory carbon content), available nutrients, and the degree of
oxygenation of the soil matrix. Flooded sediments typically are characterized by
anaerobic pathways of microbial metabolism, though different wetland macrophyte
species have varying capabilities of maintaining increased oxygen in their root zone.
Lowered water tables expose the sediment to increased oxygen availability and increased
oxidation rates. The mineral content and the soil bulk density impact the relative
magnitude of soil height that is lost with the decomposition. Due largely to the long time
scales required for accurate measurement, supporting models of change in land surface
elevation is difficult. However, research that better defines decomposition under varying
environmental conditions is providing a useful basis for modeling a principal wetland
process, and permanent sampling devices (such as Sedimentation-Erosion Tables) can
monitor long term changes in sediment heights.
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Figure 2.5. Processes that affect the sediments of a habitat. Patterns of land surface
elevation are developed and maintained by the interactions among a variety of hydrologic
and biological processes. Flows that often are assumed to be of relatively minor
importance in direct ecological responses are in lighter font.

With direct effects of water levels, water flows (erosion and deposition), and plant
dynamics (growth and mortality), sediments are integrated indicators of the relative
“health” of wetlands: modeling these sediment/soil dynamics is a valuable approach to
understanding long term, integrated wetland function. Perhaps because of the complexity
of these multiple interacting processes, and long observational time scales, such allencompassing simulations of wetlands are relatively uncommon.
2.4.4 Animals
Nutrient and habitat modules typically involve at least an aggregated level of direct
linkages with horizontal flows and vertical surface-water to sediment interactions. Most
wetland ecological models that focus on upper trophic level dynamics tend to be less
directly coupled to those wetland physical interactions. Rather, the simulated animal
dynamics typically respond to the resulting resource availability within habitats. Some
wetland animals (e.g., fish) are restricted to habitats with ponded water levels. In turn,
avian predators respond to potential concentration of prey in the small scale pools of a
marsh. Thus, beyond their effect on habitat and resource structure itself, water level
fluctuations are a fundamental determinant of the temporal and spatial availability of
habitat. The periodicity of this availability ranges from daily flooding of intertidal
wetlands, to annual recession of water levels in flooded wetlands with the onset of a dry
season. Particularly in wetlands, the challenge of modeling animal trophic dynamics
becomes one of representing the interactions within- and among- populations, in the
context of habitats that may be dynamically varying with hydrology.
Much of early ecological science focused on animal population and community
dynamics, with a rich literature on the associated modeling theory and practice. Trophic
dynamic modeling becomes highly specific to the system of interest, relative to the
particular scientific or management objectives. At a minimum, it may be generalized
that many wetlands have detrital-based food webs. Those lower trophic level resources
become the base for more complex predator-prey interactions. Simple equations of such
interaction have been explored at many levels of modeling, along with associated
energetics of foraging and resource assimilation. In understanding and modeling animal
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dynamics in wetlands, it appears that an ongoing challenge is that of sampling motile
populations in a fluctuating environment.
Animal dispersal is complex in both time and space. For example, fish and invertebrates
moving onto and off of intertidal marsh habitats are difficult to sample in a quantitative
fashion. The density of emergent wetland vegetation, which serves as refugia for prey,
also hinders estimates of motile animal densities needed for modeling. Nevertheless, data
from innovative sampling devices and mark-recapture methods have been used to
parameterize some models. Simulations of resource limitations and animal movements
provides a context for generating hypotheses of the key regulators of animal interactions
in a dynamic environment.
A modeling approach that is increasingly being used for such purposes is that of
Individual Based Models (IBMs). As with simulations of forest succession due to
interactions among individual trees, IBMs of animals incorporate individual variation in
the quest for understanding dynamics of larger populations (or interacting populations).
Relaxing some of the broader assumptions of population homogeneity, these modeling
approaches explicitly incorporate some aspect of how individuals respond to dynamics of
biological and/or physical changes in their environment. In such a model framework,
multiple avian predators can be “rewarded” energetically by finding assemblages of fish
prey individuals, which have responded to dry season recessions of wetland water levels
and become concentrated in isolated pools of surface water. In understanding such
potential interactions through the collective response of individuals, potential emergent
properties of the population(s) can be explored in a highly dynamic wetland environment.
2.4.5 Integrated ecosystem
An integrated simulation model can take on a range of definitions. Largely dependent on
the specific objectives, this may involve the interplay among physical, chemical,
biological, and socioeconomic sciences. As apparent in the discussion of each trophic
module above, a comprehensive understanding of wetland structure and function involves
a rather complex suite of ecosystem properties. Integral with these “natural” properties
are the effects of anthropogenic drivers – human degradation or restoration of wetland
systems. Moreover, specific land use requirements may frame the possible trajectories of
wetland change, all within the context of the human values ascribed to the function of the
system. In planning for projects involving wetland modifications, there typically are
limited data available on the specific system of interest. Comprehensive understanding
of long term, fully integrated wetland dynamics is elusive.
Relatively simple modeling tools may be the best available to forecast the scenarios of
wetland change. Statistically-oriented models based on past wetland behavior may serve
to guide initial plans for such wetland management. However, such relatively simple
models tend to make complex assumptions regarding long term wetland landscape
trajectories. Outside of the envelope of past observations, uncertainty of such models
becomes problematic, and the models tend to lack explanatory power. Given a general
framework of socioeconomic drivers, it is desirable to determine the minimum set of
ecosystem properties that will interact to lead to long term trajectories of wetland
structure and function. Understanding the fundamental physical, chemical, and
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biological interactions – at some minimal level – becomes a goal for ecological
simulations of wetland dynamics in this context.
Integrating the full ecosystem dynamics across a heterogeneous wetland landscape is a
daunting goal. Given the current depth and breadth of our ecological understanding of
any specific wetland, that goal would likely not result in analyses with significant
forecasting utility. However, such model integration serves to highlight the missing
information, and thus is a useful heuristic tool for advancing the state of knowledge.
Moreover, there are varying degrees of scientific integration. Integrated ecosystem
models, at some scales, can provide enhanced understanding of the potential trajectories
of wetlands.
Such an incompletely integrated model is necessarily specific to the wetland and
objectives of the particular project. Certain environmental or biological drivers may be
assumed constant; others may be fundamental to understand potential scenarios of
change. While there are innovative attempts to integrate terrestrial ecological models
with long term meteorological models, the effects of global sea level rise on coastal
marshes can assume a suite of increasing water heights to understand habitat trajectories
– without necessarily incorporating feedbacks from changing vegetation on local climate.
On the other hand, major shifts in habitat may have important repercussions to surface
water hydrology, through feedbacks of vegetative resistance to flow, local
evapotranspiration demands, or organic sediment accumulation and topographic patterns.
There is a core suite of variables and processes whose integration may provide insight
into understanding long term wetland dynamics. The preceding overviews of the
modeling at varying trophic levels outline the basic nature of some desirable levels of
integration. The emergent characteristics of this potential integration reflect the unique
character of wetland dynamics: understanding the physical drivers of intermittent
flooding, and the biogeochemical and biological responses of the habitats to those
dynamics. While not comprehensive, such integration within a simulation model is still
difficult to parameterize for most wetlands, particularly over large spatio-temporal scales.
Few wetlands in the world are studied adequately to implement such a complex model
with significant certainty for forecasting. One of the most comprehensively studied
wetland in the world is the Everglades of North America. A range of hydrologic,
statistical, and ecological models are in use, or are under development, in order to better
understand how to manage and restore the Everglades landscape. Considering more than
10,000 km2 of coastal mangroves, freshwater marshes, and upland ecosystems, some of
the ecological models attempt to integrate components of the ecosystems throughout the
region. None of these modeling tools provides sufficient understanding to be confident
of projected results even a mere 50 years from now. Hand in hand with simulation tools
that make relative assessments of future scenarios, comprehensive monitoring is being
implemented - to adaptively assess and modify plans as the landscape responds along
unforeseen trajectories. As scientific understanding evolves, so do the models that
assimilate that knowledge. Uncertainties in how major disturbances will affect these
dynamics over long time scales become some of the interesting topics that can be
explored with ecological models.
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