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Indicators of Ecosystem Structure and Function 
for the Upper Mississippi River System

By Nathan R. De Jager, James T. Rogala, Jason J. Rohweder, Molly Van Appledorn, Kristen L. Bouska, 
Jeffrey N. Houser, Kathi Jo Jankowski

1. Executive Summary
This report documents the development of quantitative

measures (indicators) of ecosystem structure and function for 
use in a Habitat Needs Assessment (HNA) for the Upper Mis-
sissippi River System (UMRS). HNAs are led periodically by 
the U.S. Army Corps of Engineers’ Upper Mississippi River 
Restoration (UMRR) Program, which is the primary habitat 
restoration program on the UMRS. The UMRR Program helps 
determine how Federal, State and nongovernmental agencies 
can best address environmental issues on one of the world’s 
largest and most diverse river systems. Each indicator in this 
report represents at least one management objective developed 
for the river system. These objectives were developed in a 
previous planning effort using an ecosystem management con-
ceptual framework (USACE, 2011). The objectives represent 
five essential ecosystem characteristics: hydraulics and hydrol-
ogy, biogeochemistry, geomorphology, habitat, and biota. 
Subsequent to the 2011 planning effort, the UMRR increased 
its focus on improving the health and resilience of the UMRS 
(Bouska et al. 2018). The indicators presented here are based 
on the five essential ecosystem characteristics and four aspects 
of ecosystems thought to support general ecosystem resil-
ience (the ability of an ecosystem to adapt and respond to 
disturbances): (1) connectivity, (2) diversity and redundancy, 
(3) controlling variables, and (4) slow processes. Thus, we
developed indicators that quantify both essential ecosystem
characteristics and characteristics of a resilient river system.
The indicators documented in this report focus on important
aspects of river floodplain hydrogeomorphology, given the
fundamental role hydrogeomorphology plays in determin-
ing habitat conditions and ecosystem health and resilience at
broad geographic scales. The information contained within
this report provides a broader scale (for example, system-
wide) context for management decisions made at finer scales
(for example, within river reaches or at project sites) and is
designed for use in the formal system-wide Habitat Needs
Assessment II (HNA–II) led by the UMRR Program.

1.1 Methods

Three primary datasets were generated from a broad com-
bination of existing data, and the datasets were used to support 
the development of indicators of ecosystem structure and 
function for the Upper Mississippi and Illinois Rivers. These 
datasets include daily river-stage data from UMRS gages, an 
aquatic area geographic information system (GIS) dataset that 
characterizes aquatic hydrogeomorphic areas (such as deep-
well-connected lentic areas, shallow-structured channel areas), 
and an inundation model that was used to map ecologically 
meaningful gradients in floodplain surface-water connectiv-
ity. In addition, two simulation modelling studies were done 
to better understand two slow processes: (1) the consequences 
of observed sedimentation rates on future water depth condi-
tions in lentic areas and (2) the long-term (50 and 100 year) 
response of floodplain forest succession to temporal and spa-
tial variability in flood inundation and an exotic invasive wood 
boring insect Agrilus planipennis (emerald ash borer). This 
report is a summarization of these efforts and, as such, utilizes 
only a small fraction of the information generated. 

These datasets and others (such as land-cover data) were 
used to generate 13 indicators that characterize the following: 
connectivity (longitudinal aquatic, longitudinal floodplain, 
and lateral river floodplain), diversity and redundancy (gen-
eral aquatic hydrogeomorphic areas, more specific lentic and 
lotic hydrogeomophic areas, aquatic vegetation, floodplain 
hydrogeomorphic areas, and floodplain vegetation), and 
controlling variables and slow processes (total suspended 
solids [TSS], water-surface elevation fluctuations, sedimenta-
tion in off-channel areas, and forest succession). Each indica-
tor was quantified at the scale of the navigation pool (river/
floodplain reach between two locks and dams for impounded 
reaches and reaches of similar size in the undammed sections), 
and systemic data plots were used to summarize longitudinal 
gradients. Data were incorporated for multiple periods where 
available. These periods were typically the years 1989, 2000, 
and 2010. Finally, a hierarchical cluster analysis was applied 
to the 2010 data to synthesize results across multiple indica-
tors and provide a better understanding of the basic structure 
and function of the river system. 
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1.2 Results

Multivariate analyses done across all indicators for 2010 
revealed six navigation pool clusters, along with one outlier 
(pool 15). The characteristics of these clusters were largely 
defined by navigation infrastructure differences (for example, 
locks and dams or levees) and other historical anthropogenic 
modifications that occurred within the river, floodplain, and 
Upper Mississippi River Basin (UMRB; for example, urban 
development and agricultural land uses). Upper impounded 
pools (pools 3–9, 13) were characterized by large amounts of 
deep lentic area, stable water levels, clear water conditions, 
and a floodplain that was highly connected to the river (few 
levees). These physical features reflect the construction of 
dams in the northern Upper Mississippi River (UMR) in the 
late 1930s and early 1940s, as well as an abundance of land 
in public ownership, and correspond with diverse aquatic 
and floodplain plant communities. Middle impounded pools 
(pools 10–12, 14, 16, 19) shared similarities with the upper 
impounded pools, but also had characteristics similar to lower 
impounded pools (pools 17, 18, 20-26). These characteris-
tics included less lentic area, more structured channel area, 
reduced water clarity, and less river floodplain connectivity 
(more levees). These physical features reflect a combination 
of historical dam construction and use of channel training 
structures and levees, a larger watershed area contributing 
sediment, and far less aquatic vegetation than found in the 
northern reaches. Two stretches of open river downriver from 
pool 26 were characterized by the lack of dams (high degrees 
of longitudinal aquatic connectivity), reduced river floodplain 
connectivity (for example, more levees), a high amount of 
structured channel area, poor water clarity, and high water-
level variability. Similar to the lower impounded pools, these 
river reaches lack aquatic vegetation. Because the floodplain 
of the UMRS widens from upriver to downriver, the lower 
impounded pools and open river reaches continue to maintain 
diverse floodplain hydrogeomorphic conditions and associ-
ated plant communities. However, the area supporting these 
features is much reduced from historical conditions given that 
much of the floodplain is now disconnected from the river by 
levees. The Illinois River consisted of two groups of navi-
gation pools: the three upper-most pools, which are shorter 
and have a steep gradient; and the three lower pools, which 
are longer and have a shallower gradient. The lower pools 
contained more levees, larger open water (lentic) areas, and a 
wider and more diverse floodplain than the upper pools. 

Temporal analyses done for individual indicators from the 
years 1989 to 2010 showed very minor changes in the basic 
structure of the UMRS. The only notable temporal changes 
were found in the upper impounded pools of the UMR, where 
increases in the abundance and diversity of aquatic vegeta-
tion communities since 1989 were associated with substantial 

improvements in water clarity in these reaches. In the lower 
UMR, there was an increase in the abundance of early succes-
sional cottonwood and willow communities, perhaps because 
the flood of 1993 created new land form features or resulted in 
agricultural land abandonment and succession to these com-
munities. These changes in floodplain vegetation communities 
corresponded with an increase in the diversity of floodplain 
vegetation in those reaches. 

Simulation modelling of sedimentation rates suggested 
that sedimentation in lentic areas may result in significant 
losses of deep lentic areas and increases in shallow lentic 
areas as backwaters fill in during the next 50 years. Projected 
changes due to sedimentation were greatest in the northern 
portion of the UMR (pools 3–11, 13), where the amount 
of deep lentic area in 2010 was greatest. Forest succession 
simulation modelling results indicated that early successional 
cottonwood communities should transition to more shade tol-
erant and longer-lived Acer saccharinum L. (silver maple) and 
oak-hickory (Quercus spp. and Carya spp.) forests across the 
entire river system within the next 50 years. Importantly, the 
distribution of forest cover does not appear to be at equilib-
rium with the modern hydrologic regime of the UMRS main-
tained by the navigation locks and dams. Across the entire 
river system, some areas that experience extended periods of 
inundation (> 40 days during the growing season) are pro-
jected to convert from forest cover to herbaceous communities 
during the next 50 to 100 years because of the lack of tree 
recruitment. Model simulation results indicated that between 
0.5 and 3 percent of existing forest cover during the next 
50 years and between 1 and 10 percent of exiting forest cover 
after 100 years would convert to herbaceous communities. 

1.3 Implications

The information summarized in this report is intended for 
use in a formal HNA led by the UMRR Program. The indica-
tors presented here can be used to evaluate differences across 
the river system. The summarization of information across 
multiple indicators could inform a more comprehensive man-
agement approach to the UMRR Program by considering a 
broader collection of ecosystem attributes. Overall, this report 
provides information that can be used to help to identify areas 
that have been highly impacted by navigation infrastructure, 
areas that differ with respect to availability and assortment 
of potential habitats, and areas projected to change during 
the next 50 to 100 years, thereby fostering a more strategic 
and quantitative approach to restoration and management on 
the UMRS. In addition, the data developed in support of this 
report provide the most comprehensive and scalable charac-
terization of UMRS river and floodplain hydrogeomorphic 
areas to date (2010) and can be used in many aspects of river 
research, monitoring, and restoration. 
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2. Introduction to the Upper Mississippi
River System and Upper Mississippi
River Restoration Program

The Upper Mississippi River System (UMRS) is a large, 
floodplain-river ecosystem, comprising a diverse mosaic 
of river channels, backwater lakes, floodplain forests, and 
emergent marshes (fig. 1). These features have been formed 
by a history of extreme spatial and temporal variability in 
hydrologic, hydraulic, and geomorphic conditions (Chen and 
Simmons, 1986; Fremling and others, 1989). These features 
formed the still-dynamic template upon which various biotic 
communities establish, interact with each other, and change 
through time. The interspersion of such a wide range of 
hydrogeomorphic conditions supports regionally unique sets 
of species and ecological functions. For example, the UMRS 
is known as a continentally important migratory corridor for 
both waterfowl and land birds (Beatty and others, 2015; Fink 
and others, 2010). The UMRS also contains diverse aquatic 
communities, some of which depend on flowing water (rheo-
philic species) and others that depend on more lentic condi-
tions (limnophilic species) (Littlejohn and others, 1985). Both 
groups of species support important cultural, recreational, and 
commercial activities (Garvey and others, 2010; Schramm 
and Ickes, 2016). Similarly, a variety of plant communities are 
found in the UMRS, ranging from those uniquely adapted to 
frequent periods of inundation to those less tolerant of flood-
ing (De Jager and others, 2015a). The UMRS floodplain con-
tains both wetland and upland characteristics. The UMRS, like 
other large floodplain-river ecosystems, is a landscape mosaic 
of multiple ecosystem types, making it a nationally significant 
biodiversity hotspot. 

In 1986, Congress passed the Water Resources Develop-
ment Act of 1986 which designated the UMRS (which consists 
of the UMR and Illinois Rivers and several important tributar-
ies; fig. 1) as both a nationally significant ecosystem and a 
nationally significant navigation system Navigation infrastruc-
ture and other anthropogenic influences have heavily modified 
the degree of spatial and temporal variability in hydrologic 
and geomorphic conditions in many areas of the river system. 
The most prominent changes arising from navigation infra-
structure on the UMRS occur through much of the northern 
portion of the system (fig. 1). The navigation infrastructure 
creates large impounded areas and extensive off-channel 
aquatic areas (such as backwaters and lakes) because of locks 
and dams. These locks and dams also modify the seasonal 
flow regime and can act as barriers to fish migration. Through-
out the system, the use of channel training structures constricts 
the main channel. In the southern portion of the river system, 
levees isolate the river from large portions of the floodplain 
(fig. 1). These structural modifications to the river floodplain 

template influence the spatial and temporal variability of water 
movement and a whole host of related ecosystem functions, 
habitats, and biotic communities. Given that the ecology of 
floodplain-river ecosystems is largely determined by hydro-
logic and geomorphic patterns, many restoration efforts have 
focused on attempting to restore various aspects of the UMRS 
river floodplain hydrogeomorphic template (Theiling and oth-
ers, 2015). 

The primary ecosystem management and restoration 
program on the UMRS is the Upper Mississippi River Res-
toration (UMRR) Program. Formerly known as the Environ-
mental Management Program, the UMRR was first authorized 
by Section 1103 of the Water Resources Development Act 
(WRDA) of 1986 and later reauthorized in WRDA 1999. The 
program is a partnership among the five States that border 
the UMRS (Illinois, Iowa, Minnesota, Missouri, and Wis-
consin) and five primary Federal agencies (U.S. Army Corps 
of Engineers [USACE], U.S. Department of Agriculture, 
U.S. Environmental Protection Agency, U.S. Fish and Wildlife 
Service, and U.S. Geological Survey). The UMRR Program 
consists of two major elements: Long Term Resource Monitor-
ing (LTRM), which leads monitoring and science in support of 
river restoration and management; and Habitat Rehabilitation 
and Enhancement Projects, which restore critical habitat on 
the river and floodplain. The UMRR Program utilizes informa-
tion gained from monitoring and research efforts to adaptively 
inform rehabilitation and enhancement projects. HNAs are 
done periodically by the UMRR Program as a requirement of 
its reauthorization in WRDA 1999 and as a way to determine 
how the program can best address UMRS environmental 
issues. This report was developed to support the UMRR’s 
second HNA (HNA–II). 

2.1 Report Objectives, Approach, and Rationale

This report’s primary objective is to document the 
development of a set of quantitative measures (indicators) 
of ecosystem structure and function for use in the UMRR’s 
HNA–II (table 1). We assembled or otherwise developed a 
series of datasets that characterize fundamental aspects of the 
UMRS including daily river-stage data, system-wide naviga-
tion infrastructure data, land-cover data, and newly developed 
maps of aquatic and floodplain hydrogeomorphic areas. These 
datasets were developed to facilitate a wide range of future 
research, monitoring, and restoration activities carried out 
through the UMRR Program. Specific to the UMRR’s HNA–II 
effort, we derived indicators from these datasets that quantify 
a series of ecosystem-management based goals and objectives 
adopted by the program in 2011 (USACE, 2011). This report 
provides the information needed for the UMRR Program to 
develop a quantitative report card for stated restoration goals 
and objectives. 
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Figure 1. The information contained within this report covers the entire Upper Mississippi River System (inset). Data were 
developed to characterize the diversity of broad-scale hydrogeomorphic areas, including navigation infrastructure, for the year 
2010 in a manner consistent with data developed for previous assessments. Navigation pools 8 and 25 are shown as examples of 
the mosaic of hydrogeomorphic areas, but also the impacts of navigation infrastructure (river-training structures and impounded 
areas in pool 8 and levees in pool 25).
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Table 1. The main objectives of this report reflect past and ongoing conceptual frameworks adopted by the 
Upper Mississippi River Restoration Program, recommendations from a previous habitat needs assessment, 
and the need for a broad-scale and quantitative approach to ecosystem management on the Upper Mississippi 
River System.

1. Provide a rationale for a Upper Mississippi River Restoration Program – based Habitat Needs Assessment 
that incorporates:

a. Goals and objectives for ecosystem-management.
b. Recommendations for improved hydrogeomorphic modelling and mapping from Habitat Needs 

Assessment–I.
c. Rules of thumb for maintaining or improving general ecosystem resilience such as

i. Managing connectivity.
ii. Maintaining diversity and redundancy.
iii. Managing controlling variables, slow processes, and feedbacks.

2. Document the methods and report the results of quantitative measures (indicators) that represent stated 
management goals and objectives for the Upper Mississippi River System.

a. Provide the information necessary for Upper Mississippu River Restoration to develop an  
ecosystem-integrity report card.

3. Investigate relations among individual indicators to better understand how management actions aimed at 
some indicators might impact other indicators.

4. Identify potential future trajectories of important lentic and floodplain habitats.

5. Synthesize results across multiple indicators to quantify the basic structure of the Upper Mississippi River 
System and identify similarities and differences across the river system.

a. Use inductive methods to identify potential management units within the river system.

6. Provided a general- and broad-scale (system or reach-wide) context for more specific  
management decisions made at finer scales (navigation pool or project site).

In addition to providing information about individual 
indicators, we investigated relations among various indicators 
using existing literature or new data analyses. These investiga-
tions were aimed at helping the UMRR Program better under-
stand how management actions focused on some indicators 
could impact other indicators. We also performed two model-
ling studies to identify (1) potential future changes in water 
depth conditions in lentic areas resulting from sedimentation 
and (2) long-term responses of floodplain forests to variability 
in flooding and an exotic wood boring insect Agrilus planipen-
nis (emerald ash borer). These studies provide a longer-term 
(50 and 100 year) context for decisions aimed at important 
lentic and floodplain habitats within the UMRS. Finally, we 
used inductive methods to synthesize results across multiple 
indicators. These analyses characterize the basic structure of 
the UMRS and identify areas that share similar ecosystem 
characteristics. In the remainder of this section, we outline the 
approach and rationale for the information contained within this 
report. Our approach included incorporating (1) recommenda-
tions from the UMRR’s first HNA I (HNA–I), (2) ecosystem-
management based goals and objectives adopted by the UMRR 
Program, (3) results and concepts from an ongoing ecosystem 
resilience assessment, and (4) hierarchy theory. 

2.2 Habitat Needs Assessment I

HNA–I (Theiling and others, 2000) reflected the state of 
information, expertise, technology, and the prevailing concepts 
that informed restoration and management decisions within 
the UMRR Program at the time (species-focused manage-
ment). HNA–I was based on the idea that habitat is defined 
by collections of structural, physical, and chemical conditions 
that often covary across the surface of river floodplains. The 
assessment relied on photo-interpreted delineations of broad 
hydrogeomorphic classes (such as main and side channels, 
backwater lakes, impounded areas, vegetation types, etc.; 
see fig. 1 for example). Such areas characterize differences 
in important components of riverine habitat including flow 
velocity, water exchange rates, substrate type, and vegetation 
composition and structure at relatively coarse scales (Wilcox, 
1993). HNA–I assigned each hydrogeomorphic and vegetation 
class a rank score for potential occurrence of 289 bird species, 
107 fish species, 30 species of freshwater mussels, 97 species 
of reptiles and amphibians, and 5 invertebrate guilds. As little 
empirical data existed for most of these taxa, HNA–I relied on 
expert opinion to rank each combination of hydrogeomorphic 
area and vegetation type for each species in order to map the 
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potential habitat for a wide range of taxonomic groups. In 
addition, expert opinion was used to develop conceptual mod-
els to identify some potential future habitat distributions. The 
results of HNA–I demonstrated the challenges associated with 
trying to quantify habitat distributions in a species-rich system 
that contains a diverse array of hydraulic and geomorphic 
conditions, which covers such a broad geographic extent, and 
for which limited species-level empirical data are available. 
In response to these challenges, several recommendations 
were made for quantifying and modelling the broad range of 
physical, chemical, and structural attributes of the UMRS that 
define habitat (table 2). 

In developing information for use in HNA–II, many of 
the recommendations in table 2 were accounted for, as was 
achieving some degree of comparability with data and results 
from HNA–I. For example, similar to HNA–I, this report 
utilizes information about the entire UMRS (fig. 1). Further, 
this report is also based on the idea that habitat is defined by 
collections of structural, physical, and chemical conditions 
that often covary across the UMRS surface. Also similar to 
methods used in HNA–I, this report utilizes photo-interpreted 
distribution maps of broad hydrogeomorphic classes (such as 
main and side channels, backwater lakes, impounded areas, 
and vegetation types). However, since HNA–I, the UMRR 
has developed additional information, expertise, and tech-
nology; and these advances were used to generate a more 
contemporary (2010) and more quantitative characterization 
of hydrogeomorphic conditions across the UMRS for HNA-II. 
Topobathy data (combined terrestrial elevation and bathym-
etry), gage data, river-training structure data, and GIS-derived 

connectivity indices were used to further characterize differ-
ences among and within the broad hydrogeomorphic classes 
described in the previous section (table 3). Metrics from these 
data were used to further identify hydrophysical differences 
among and within lotic and lentic areas. Enhancements to 
nonpermanently aquatic area coverages were also made using 
a floodplain surface-water connectivity model that quanti-
fied patterns of floodplain inundation (table 3), a key pro-
cess related to the distribution of vegetation types and other 
biophysical patterns in the UMRS. Output from the model 
was used to develop a hydrogeomorphic classification for 
nonaquatic areas that captured important physical gradients 
believed to structure the floodplain. These enhanced lotic, 
lentic, and floodplain data layers provide a higher resolution 
hydrogeomorphic classification and a way to examine the rela-
tive quality of lentic, lotic, and floodplain habitats across the 
UMRS for a single period (2010). 

In addition to developing information to represent the 
current (2010) structure and composition of the UMRS, two 
modeling studies were done to approximate future conditions 
in lentic and floodplain areas. In lentic areas, rates of sedi-
mentation observed in UMRS backwater areas were used to 
project changes in lentic area depth during a 50-year period. 
On the floodplain, a forest succession model was developed to 
simulate the process of forest change in response to inundation 
and an invasive insect pest (emerald ash borer) through 50 and 
100 years. Though these efforts do not capture the full range 
of habitats within the UMRS, they provide an approximation 
of how significant portions of the UMRS might change in the 
future. 

Table 2. Information needs identified in Habitat Needs Assessment–I. In most cases, data were developed to 
improve understanding and characterization of the river and floodplain hydrogeomorphic template. Information 
pertaining to improved species-habitat models was not pursued given a general shift in the focus of the Upper 
Mississippi River Restoration Program away from species-focused management and towards ecosystem 
management as well as the lack of data appropriate for developing species-habitat models.

[HNA, Habitat Needs Assessment; *, data acquired or developed for the current assessment]

Information needs identified in HNA–I Examples

More detailed information to characterize river habitats System-wide topographic data.*
System-wide bathymetric data.*
System-wide numerical hydraulic model.
Substrate type characterization.
Floodplain inundation models.*
Floodplain geomorphic classification.*

Improved species-habitat models Data on presence and/or absence for species.
Development of refined life-history information.
Analysis of seasonal habitat availability and use.
Habitat spatial structure metrics.

More information and (or) better approach to representing 
forest communities and model succession

Surveys of existing floodplain plant communities.*
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Table 3. Datasets, indicators derived from datasets, and descriptions and sources for each dataset used in this report.

[UMRS, Upper Mississippi River System; UMRR, Upper Mississippi River Restoration; LTRM, Long Term Resource Monitoring; HNA, Habitat Needs Assessment; GIS, geographic information system; 
USACE, U.S. Army Corps of Engineers]

Dataset Use/indicator Description Citation Location (if available)

UMRS land cover/
land use (1989, 
2000, 2010)

Longitudinal flood-
plain connectivity

Photo interpreted maps used  
to measure area in natural 
vegetation classes.

U.S. Army Corps of Engineers’ Upper Mississippi River Restora-
tion (UMRR) Program Long Term Resource Monitoring (LTRM) 
element. 1994,  1989 Land Cover/Use Data for the Upper Mis-
sissippi River System: La Crosse, Wis., https://doi.org/10.5066/
F77M0771

U.S. Army Corps of Engineers’ Upper Mississippi River Restora-
tion (UMRR) Program Long Term Resource Monitoring (LTRM) 
element. 2013,  2000 Land Cover/Use Data for the Upper Mis-
sissippi River System: La Crosse, Wis., https://doi.org/10.5066/ 
F73X85X2

U.S. Army Corps of Engineers’ Upper Mississippi River Restoration 
(UMRR) Program Long Term Resource Monitoring (LTRM)  
element. 2014,  UMRS LTRMP 2010/11 LCU Mapping:  
La Crosse, Wis., https://doi.org/10.5066/F77942QN

https://doi.org/10.5066/
F77M0771

https://doi.org/10.5066/ 
F73X85X2

https://doi.org/10.5066/
F77942QN

Lateral river flood-
plain connectivity

Photo interpreted maps used to 
measure open water area.

Aquatic vegetation 
diversity

Photo interpreted maps used to 
measure area within different 
aquatic vegetation classes.

Floodplain vegetation 
diversity

Photo interpreted maps used to 
measure area within different 
floodplain vegetation classes.

Floodplain forest  
succession model

Photo interpreted maps used to 
delineate the current distribu-
tion of primary forest types.

    
UMRS aquatic  

areas (1989, 
2010)

Aquatic area diversity Photo interpreted maps used to 
measure the area of different 
general aquatic classes.

U.S. Army Corps of Engineers’ Upper Mississippi River Restoration 
(UMRR) Program Long Term Resource Monitoring (LTRM) ele-
ment. 1995,   1989–91 Aquatic Habitats - Upper Mississippi River 
System : La Crosse, Wis., https://doi.org/10.5066/F7057F7H

U.S. Army Corps of Engineers’ Upper Mississippi River Restora-
tion (UMRR) Program Long Term Resource Monitoring (LTRM) 
element. 2016,   UMRR HNA - II Aquatic Areas: La Crosse, Wis., 
https://doi.org/10.5066/F7VD6WH8

Program Long Term Resource Monitoring (LTRM) element. 2018, 
2010/11 Level 2 Aquatic Areas-Upper Mississippi River System: 
U.S. Army Corps of Engineers’ Upper Mississippi River Restora-
tion (UMRR) La Crosse, Wis., https://doi.org/10.5066/F7BK1BKQ

U.S. Army Corps of Engineers’ Upper Mississippi River Restora-
tion (UMRR) Program Long Term Resource Monitoring (LTRM) 
element. 2018, 2010/11 Level 3 Aquatic Areas-Upper Mississippi 
River System: La Crosse, Wis., https://doi.org/10.5066/F7Z89BMP

https://doi.org/10.5066/
F7057F7H

https://doi.org/10.5066/
F7VD6WH8

https://doi.org/10.5066/F7B-
K1BKQ

https://doi.org/10.5066/F7Z-
89BMP

Lentic functional 
classes

Attributes of depth and connec-
tivity used to delineate differ-
ent lentic areas in a GIS.

Appendix 1  

Lotic functional 
classes

Attributes of depth and structure 
used to delineate different lotic 
areas in a GIS.

     

https://doi.org/10.5066/F77M0771
https://doi.org/10.5066/F77M0771
https://www.sciencebase.gov/catalog/item/55929587e4b0b6d21dd67a27
https://www.sciencebase.gov/catalog/item/55929587e4b0b6d21dd67a27
https://doi.org/10.5066/F77942QN
https://doi.org/10.5066/F77M0771
https://doi.org/10.5066/F77M0771
https://www.sciencebase.gov/catalog/item/55929587e4b0b6d21dd67a27
https://www.sciencebase.gov/catalog/item/55929587e4b0b6d21dd67a27
https://doi.org/10.5066/F77942QN
https://doi.org/10.5066/F77942QN
https://doi.org/10.5066/F7057F7H
https://doi.org/10.5066/F7VD6WH8
https://doi.org/10.5066/F7BK1BKQ
https://doi.org/10.5066/F7Z89BMP
https://doi.org/10.5066/F7057F7H
https://doi.org/10.5066/F7057F7H
https://doi.org/10.5066/F7VD6WH8
https://doi.org/10.5066/F7VD6WH8
https://doi.org/10.5066/F7BK1BKQ
https://doi.org/10.5066/F7BK1BKQ
https://doi.org/10.5066/F7Z89BMP
https://doi.org/10.5066/F7Z89BMP
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Indicators of Ecosystem
 Structure and Function for the Upper M

ississippi River System
Table 3. Datasets, indicators derived from datasets, and descriptions and sources for each dataset used in this report.—Continued

[UMRS, Upper Mississippi River System; UMRR, Upper Mississippi River Restoration; LTRM, Long Term Resource Monitoring; HNA, Habitat Needs Assessment; GIS, geographic informa-
tion system; USACE, U.S. Army Corps of Engineers]

Dataset Use/indicator Description Citation Location (if available)

UMRS  
surface-water 
connectivity 
model

Floodplain functional 
classes

Integration of topo-bathymetric 
data with river stage data to 
map multiple attributes of 
flood regime

U.S. Army Corps of Engineers’ Upper Mississippi River Restora-
tion (UMRR) Program Long Term Resource Monitoring (LTRM) 
element. 2018,  UMRS Floodplain Inundation Attributes: 
La Crosse, Wis., https://doi.org/10.5066/F7VD6XRT

https://doi.org/10.5066/
F7VD6XRT

Floodplain forest  
succession model

Annual maps of growing season 
inundation duration 

Appendix 3  

 
UMRS topobathy 

data 
Floodplain functional 

classes
Land surface elevation used to 

estimate inundation statistics
U.S. Army Corps of Engineers’ Upper Mississippi River Restora-

tion (UMRR) Program Long Term Resource Monitoring (LTRM) 
element. 2016, UMRR Topobathy: La Crosse, Wis., https://doi.
org/10.5066/F7057CZ3

https://doi.org/10.5066/
F7057CZ3

 
USACE forest 

inventory data
Floodplain forest  

succession model
Development of tree size-age 

relationships, growth param-
eters, and age distributions for 
primary tree species 

Appendix 3  

 
Post 1993 flood tree 

mortality data
Floodplain forest  

succession model
Development of flood inundation-

mortality relationships for 
primary tree species.

Appendix 3  

     
Total suspended 

solids data
Total suspended  

solids concentrations
Data used to estimate total sus-

pended solids concentrations at 
locks and dams

Lock and dam data provided by James Noren and Nicole Manasco 
(USACE). LTRM data downloaded from LTRM online data-
browser

https://www.umesc.usgs.
gov/ltrmp.html#ltrmpdata

 
Gage data Longitudinal aquatic 

connectivity
Daily riverstage data used to cal-

culate the percentage of annual 
days that river stage exceeds 
‘open river conditions’

Additional data from Illinois River provided by M. Montenero, 
M. Brey, B. Knights, T. Knox)

Michael Montenero, Marybeth Brey, Brent Knights, and Thomas 
Nock, 2018, Assessing Techniques to Enhance Barrier Charac-
teristics of High-head Navigation Dams on the Upper Illinois 
River: Data: U.S. Geological Survey data release, https://doi.
org/10.5066/F7833R62.

rivergages.com

https://doi.org/10.5066/
F7833R62

Water surface eleva-
tion fluctuations

Daily river stage data used to cal-
culate mean annual maximum 
growing season water surface 
elevation fluctuations

Floodplain functional 
classes

Daily river stage data used to 
estimate inundation statistics

Special thanks to Farley R. Haase (USACE, St Paul), Scott R. Pettis 
(USACE, Rock Island), Donald L. Duncan (USACE, St Louis), 
and Elizabeth A. Norrenberns (USACE, St Louis) for assistance 
obtaining data from their respective districts

https://doi.org/10.5066/F7VD6XRT
https://doi.org/10.5066/F7VD6XRT
https://doi.org/10.5066/F7VD6XRT
https://doi.org/10.5066/F7057CZ3
https://doi.org/10.5066/F7057CZ3
https://doi.org/10.5066/F7057CZ3
https://doi.org/10.5066/F7057CZ3
https://www.umesc.usgs.gov/ltrmp.html#ltrmpdata
https://www.umesc.usgs.gov/ltrmp.html#ltrmpdata
https://doi.org/10.5066/F7833R62
https://doi.org/10.5066/F7833R62
http://rivergages.mvr.usace.army.mil/WaterControl/new/layout.cfm
https://doi.org/10.5066/F7833R62
https://doi.org/10.5066/F7833R62
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Table 3. Datasets, indicators derived from datasets, and descriptions and sources for each dataset used in this report.—Continued

[UMRS, Upper Mississippi River System; UMRR, Upper Mississippi River Restoration; LTRM, Long Term Resource Monitoring; HNA, Habitat Needs Assessment; GIS, geographic information system; 
USACE, U.S. Army Corps of Engineers]

Dataset Use/indicator Description Citation Location (if available)

Sedimentation 
rates

Sedimentation in  
off-channel areas

Repeated surveys of bed eleva-
tion along backwater transects 
in Navigation Pools 4 and 8

Appendix 3

National levee 
database

Lateral river-flood-
plain connectivity

Database of levees on the UMRS 
used to measure area behind 
levees

National Levee Database, United States. Army. Corps of Engineers, 
EP 1110-1-16, 2012-05

http://www.usace.army.mil/
Missions/Civil-Works/
Levee-Safety-Program/
National-Levee-Database/

 
River training  

structures
Lotic functional 

classes
Database of river training struc-

tures including groins, training 
walls, revetments, and rip-rap 
used to measure structure 
within aquatic areas

United States Army Corps of Engineers-Army Geospatial Center, 
Inland Electronic Navigation Charts

http://www.agc.army.mil/
Missions/Echarts/Prod-
uct-Downloads/

http://www.usace.army.mil/Missions/Civil-Works/Levee-Safety-Program/National-Levee-Database/
http://www.usace.army.mil/Missions/Civil-Works/Levee-Safety-Program/National-Levee-Database/
http://www.usace.army.mil/Missions/Civil-Works/Levee-Safety-Program/National-Levee-Database/
http://www.usace.army.mil/Missions/Civil-Works/Levee-Safety-Program/National-Levee-Database/
http://www.agc.army.mil/Missions/Echarts/Product-Downloads/
http://www.agc.army.mil/Missions/Echarts/Product-Downloads/
http://www.agc.army.mil/Missions/Echarts/Product-Downloads/
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2.3 Ecosystem Management

Large floodplain-river ecosystems have been described 
as endangered ecosystems (Ward and others, 1999) in need 
of ecosystem management (Sparks, 1995). These systems are 
large, complex, species-rich, and cross jurisdictional boundar-
ies. The UMRS traverses five States and supports approxi-
mately 485 vertebrate species (USACE, 1992). Thus, restora-
tion efforts require cooperation among agencies and across 
borders. No single management agency has the ability, author-
ity, or funding to effectively manage the natural resources of 
the entire ecosystem. Other ecosystems share many of these 
features, and as a result, the concept of ecosystem manage-
ment began to emerge in the United States during the 1970s 
and 1980s (Skillen, 2016). 

Ecosystem management departs from species-focused 
management in that multiple aspects of ecosystem structure 
and function are considered valuable (Skillen, 2016). This 
conceptual framework recognizes that the functioning of the 
broader ecosystem is a prerequisite for sustaining any individ-
ual element or species within the ecosystem. Particular empha-
sis is placed on the ability of a system to maintain stability and 
persistence of several ecosystem components (such as species, 
communities, and habitats) as well as ecosystem functions 
(such as transfers of matter and energy) (Grumbine, 1994). 
Hence, individual elements of an ecosystem take on meaning 
in the ecosystem management concept not only because of 
their specific utility to any given stakeholder group, but also 
because of their role in supporting the stability and function-
ing of the system as a whole. Management actions typically 
need to occur at scales much broader than actions focused on a 
single species, and typically cross the jurisdictional boundaries 
of multiple management agencies. Thus ecosystem manage-
ment often necessitates decision-making strategies that involve 
several agencies and stakeholders working together. The size, 
complexity, and sheer number of species moving across large 
floodplain-river ecosystems like the UMRS necessitates an 
ecosystem management approach (Sparks, 1995). 

In 2011, the UMRR Program adopted a series of ecosys-
tem-management based goals and objectives (USACE, 2011). 
We therefore developed information to address these stated 
goals and objectives. A consequence of taking an ecosystem-
based approach is that, unlike HNA–I, this report does not 
take a species-by-species approach to mapping habitat, but 
rather quantifies a series of essential ecosystem characteristics 
(EECs) that represent the goals and objectives for the UMRS. 
These goals and objectives were developed for the UMRS 
following a generic approach outlined by Harwell and others 
(1999). The approach outlined by Harwell and others (1999) 
is conceptually driven from the top-down by the societal goals 
for the integrity of multiple EECs and from the bottom-up by 
datasets and indicators developed to quantify stated goals and 
objectives (fig. 2). The EECs provide an interface between 

the scientists, who are developing datasets and quantitative 
measures (indicators) to diagnose the integrity of an ecosys-
tem, and the key stakeholder groups and agencies, who are 
developing restoration and management goals and objectives. 
Ultimately, the approach can yield an ecosystem integrity 
report card. USACE (2011) identified five EECs that captured 
important river and floodplain components for the UMRS: 
hydraulics and hydrology, biogeochemistry, geomorphology, 
habitat, and biota. Management objectives were subsequently 
developed that pertain to each of these EECs (USACE, 2011). 
At the time however, quantitative datasets and indicators were 
not developed to support this previous effort, so quantitative 
assessment of the UMRS ecosystem has not yet been possible. 

HNA-II builds on this previous effort by developing data-
sets and indicators for as many UMRS objectives as possible 
(table 4). Hence, this report is a quantification of the stated 
objectives of the UMRR Program (fig. 2). It is intended that 
future efforts will use the quantitative information provided 
here to help the UMRR Program more strategically implement 
restoration and management actions where they can be most 
impactful. In the following paragraphs, each EEC and the 
related management objectives are briefly explained.

Hydrology is the study of water distribution and amount, 
and hydraulics is the study of the energetics of water move-
ment, including through a river network. For this EEC, data 
(table 3) and indicator (table 4) development focused on repre-
senting water-surface elevation fluctuations and the transfer of 
water, materials, and energy across the river floodplain transi-
tion zone (lateral connectivity). These indicators help quantify 
a general UMRS goal to manage a more natural hydrologic 
regime. 

Biogeochemistry includes the biological, physical, and 
chemical processes that affect the cycling of chemical ele-
ments (such as carbon and nitrogen) and how they interact 
with living and nonliving things to impact ecosystems. For 
the UMRS, the broad biogeochemistry goal is to manage for 
processes that input, transform, assimilate, and output mate-
rial within the UMR Basin, with emphasis on water quality, 
sediments, and nutrients. For the biogeochemistry EEC in this 
report, data (table 3) and indicator (table 4) development were 
focused on the fundamental role of TSS and how TSS influ-
ence a suite of other biotic and abiotic UMRS components.

Geomorphology is the collection of physical features, 
including topography and bathymetry, created by processes 
operating across the surface of the earth. For the UMRS, 
the general geomorphology goal developed is to manage for 
processes that shape a physically diverse and dynamic river 
floodplain system. Examples of data and indicators developed 
for geomorphic patterns include sedimentation in off-channel 
areas and the diversity of floodplain hydrogeomorphic areas. 
In addition, many of the indicators developed to understand 
geomorphic patterns play a large role in altering biogeochemi-
cal processes (De Jager and Houser, 2012). 
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Figure 2. For the Upper Mississippi River Restoration Habitat Needs Assessment II (UMRR—HNA-II), datasets and 
indicators derived from those datasets were developed to quantify existing Upper Mississippi River System (UMRS)
goals and objectives and related essential ecosystem characteristics. In addition, information from an ongoing resilience 
assessment was considered when developing data and indicators. The diagram is adapted from Harwell and others (1999) 
to illustrate the increasing contribution of society and stakeholders in the development of goals, objectives, and targets 
and the increasing contribution of scientific information in the development of data and indicators. This report summarizes 
efforts aimed at developing hydrogeomorphic datasets and indicators of ecosystem structure and function in support of 
Habitat Needs Assessment II.

Habitat is the suite of physical, chemical, and biological 
conditions that support a given organism, species, or commu-
nity. As such, habitat can be thought of on a continuum from 
generic to specific. At a generic level, a river may be con-
sidered a habitat that supports riverine species. Within large 
floodplain-river ecosystems, lotic, lentic, and floodplain areas 
may each be considered separate habitats because each may 
correspond with different assemblages of organisms. Fur-
ther variability within lotic, lentic, and floodplain areas may 
contribute to additional, local differences in species and com-
munity distributions. The broad habitat EEC goal established 
for the UMRS is to manage for a diverse and dynamic pattern 
of habitats to support native biota. Data (table 3) and indica-
tor (table 4) development for this EEC therefore focused on 
distributions of hydrogeomorphic areas and vegetation types 
considered important to a broad range of species and commu-
nities that use the UMRS. 

Finally, an identified biota goal for the UMRS was man-
aging for viable populations of native species within diverse 
plant and animal communities. However, little system-wide 
data exist to quantify status or trends in population sizes for 
species that use the UMRS. Therefore, we focused attention 
on quantifying goals and objectives for which data allow a 
relatively accurate assessment, which did not include this EEC 
(table 4). Future efforts could be aimed at improving the avail-
ability and standardization of biotic data to better quantify this 
EEC for the UMRS. 

2.4 Ecosystem Resilience

With the completion of the 2015–25 UMRR Strategic 
Plan (UMRR, 2015), the UMRR Program adopted an empha-
sis on the health and resilience of the UMRS. The concept of 
system health provides a useful metaphor for understanding 
the condition of large ecosystems and has been incorporated 
into previous assessments of the UMRS (Johnson and Hagerty, 
2008). Concepts of ecological resilience have been developed 
during the last 30 years (Holling, 1973; Folke and others, 
2004) and, within the last 10 years, have been increasingly 
emphasized within natural resource management practices. 
The UMRR is currently leading a resilience assessment of the 
UMRS (Bouska et al. 2018), and the concepts developed in the 
initial stages of that assessment have informed the structure of 
this report. 

Resilience is the capacity of a system to absorb dis-
turbance and reorganize so as to retain essentially the same 
function, structure, and feedbacks-to have the same identity 
(Walker and Salt 2012). A resilience perspective is based on 
the basic idea that ecosystems are self-organizing (Walker 
and Salt, 2012) and will respond and adapt to disturbances 
and management actions. Within limits, such systems can 
absorb shocks and disturbances (such as invasive species, 
large wind or flood events, and pest outbreaks) and maintain 
their basic functions and identity. Those functions and that 
identity are sustained by internal interactions and feedbacks 
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Table 4. Essential ecosystem characteristics and related management and restoration objectives from the 2011 UMRS Ecosystem 
Restoration Objectives report.  Indicators (quantification of specific objectives) and categories that address each objective within the 
context of resilience principles (see Section 2.5) are also listed.

[NA, does not apply] 

Essential ecosystem  
characteristic

Objective Indicator Category

Hydraulics and 
hydrology

A more natural stage hydrograph. Water-surface elevation fluctuations. Controlling variables. 

Restored hydraulic connectivity. Lateral (river-floodplain) connectivity. Connectivity.

Naturalize the hydrologic regime of tributaries. (1) NA
Increase storage and conveyance of flood 

water on the floodplain.
Lateral (river-floodplain) connectivity. Connectivity.

Biogeochemistry Improved water clarity. Total suspended solids. Controlling variables.

Reduce nutrient loading. (2) NA
Reduce sediment loading. Total suspended solids. Controlling variables. 

Reduce contaminants loading. (3) NA
Water-quality conditions sufficient to support 

native species.
Total suspended solids. Controlling variables. 

Geomorphology Restore rapids. (1)  NA
Restore sediment transport regime. Sedimentation in off-channel areas. Controlling variables. 

Restore lower tributary valleys. (4) NA
Restore bathymetric diversity. Sedimentation in off-channel areas. Controlling variables. 

Restored floodplain topographic diversity. Floodplain hydrogeomorphic diversity. Diversity and redundancy.
Restore lateral hydraulic connectivity. Lateral (river-floodplain) connectivity Connectivity.

Floodplain hydrogeomorphic diversity. Diversity and redundancy.

Habitat Restore habitat connectivity. Longitudinal floodplain connectivity. Connectivity.

Restore riparian or floodplain habitat. Floodplain hydrogeomorphic diversity. Diversity and redundancy.

Floodplain vegetation diversity. Diversity and redundancy.

Floodplain forest succession. Slow processes.

Restore aquatic off-channel areas. Aquatic hydrogeomorphic diversity. Diversity and redundancy.

Sedimentation in off-channel areas. Slow processes.

Restore channel areas (including side channels). Aquatic hydrogeomorphic diversity. Diversity and redundancy.

Restore native aquatic vegetation. Aquatic vegetation diversity. Diversity and redundancy.

Restore a floodplain corridor. Longitudinal floodplain connectivity. Connectivity.

Restore Floodplain wetlands. Floodplain vegetation diversity. Diversity and redundancy.

Restore rare and native habitats. (5) NA
Biota Aquatic vegetation. Aquatic vegetation diversity. Diversity and redundancy.

Floodplain forest and prairies. Floodplain vegetation diversity. Diversity.

Floodplain forest succession. Slow processes.

Native fish. (3) NA
Native mussels. (3) NA
Native birds. (3) NA
Reduce effects of invasive species. (5)  NA
Viable populations of native species. (6) NA

1Not enough standardized information to assess; beyond the scope of this report.
2Data available for some tributaries, not enough to make informed assessment.
3Lacking system-wide data.

4Not enough topographic and (or) geomorphic data to assess.
5Too vague.
6Data for some invasive species, but not all. Considered a biological effect and not habitat.
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among various components of the system. However, when 
a disturbance pushes an ecosystem past a threshold, it may 
change rapidly and transition into a new state. A system’s 
resilience is essentially how likely it is to move to a new state 
as the result of disturbance (or management action). Resilience 
has been described as having two aspects: general resilience 
and specified resilience. General resilience emphasizes how 
much a system is likely to be changed by disturbances both 
expected (things that have happened before) and novel (new 
disturbances). Specified resilience emphasizes understanding 
where important thresholds are for major system controlling 
variables and where the current values of those controlling 
variables are relative to those thresholds. Thus, a system’s 
likelihood of being pushed to a new state is a function of both 
specified resilience (where the thresholds are relative to where 
the system is) and general resilience (how far the system is 
likely to move in response to a disturbance or management 
action).

The first step of the resilience assessment of the UMRS 
was to assemble a description of the ecosystem. An important 
objective of the system description was to develop conceptual 
models of the structure and function of the river that identified 
“the minimum but sufficient information needed to effectively 
manage the system for the values held important” (Walker 
and Salt, 2012). The conceptual models developed as part of 
that effort described the UMRS as being composed of three 
interacting subsystems (lotic channels, lentic off-channel 
areas, and floodplains) and identified key controlling variables, 
interactions, and feedbacks that influence the resilience of 
each subsystem and the UMRS as a whole (Bouska and others, 
2018). Data development for HNA-II utilized these conceptual 
models by identifying important variables to model and map 
lentic, lotic, and floodplain functional areas (fig. 2). 

The resilience assessment has also developed indicators 
of general resilience of the UMRS (Bouska et al. written com-
mun., 2018). Rather than a single quantitative entity, general 
resilience is currently viewed as a collection of rules of thumb, 
or principles, regarding factors that contribute to the ability of 
an ecosystem to adapt and respond to disturbance (O’Connell 
and others, 2015; Biggs and others, 2012. The most relevant of 
those rules of thumb for this assessment include (1) manag-
ing connectivity, (2) maintaining diversity and redundancy, 
(3) managing controlling variables, and (4) doing these activi-
ties within the context of long-term successional processes
(Biggs and others, 2012). Connectivity describes the inter-
actions between different ecosystem components (such as
populations or hydrogeomorphic patches) and the ability of
the system to exchange materials and energy resources within
its boundaries. Connectivity among different life-stage habitats
is often critical to maintain viable and productive populations.
However, too much connectivity in a system can facilitate the
spread of disturbances (such as disease, invasive species, or
pollutants) or erosive forces (such as wind fetch), but exces-
sive fragmentation can limit recolonization following a distur-
bance. Diversity and redundancy of biological communities
and the physical environment provide a wide range of options

for responding to disturbances and adapting to slow succes-
sional changes. Controlling variables that are coupled with 
processes that change slowly (such as succession) can strongly 
influence the underlying structure of a system (Biggs and 
others, 2012). Discharge and sediment regimes are examples 
of controlling variables in river systems that strongly interact 
with vegetation to influence channel morphology, hydraulics, 
and related habitat distributions. For this report, indicators 
that quantify stated ecosystem goals and objectives were 
placed into categories reflecting four components of general 
resilience: connectivity, diversity and redundancy, controlling 
variables, and slow processes (fig. 2; table 4). Beyond these 
principles of general resilience that directly apply to the river 
floodplain ecosystem itself, larger social-ecological system 
characteristics also contribute system resilience. These charac-
teristics include understanding the larger social-ecological sys-
tem as a complex adaptive system, encouraging learning and 
experimentation, broadening stakeholder and public participa-
tion, and promoting polycentric governance systems (Biggs 
and others, 2012). These aspects of social-ecological systems 
are beyond the scope of the current resilience and HNAs. 

2.5 Merging Previous Efforts and Concepts to 
Form an Approach

The datasets and indicators developed in support of 
HNA–II integrate existing UMRS goals and objectives, EECs, 
conceptual models from the resilience assessment system 
description, and general resilience principles (fig. 2). Figure 2 
is modified from Harwell and others (1999) but is consistent 
with the basic approach of developing an ecosystem integrity 
report card. From the top-down, the goals and objectives for 
the UMRS describe a broad vision of what is important about 
the UMRS. The EECs step this information down and provide 
an interface between the public and scientists who are devel-
oping data and indicators that quantify the ecosystem’s overall 
integrity (this report; fig. 2). With the addition of resilience-
based conceptual models and general resilience principles, 
the data and indicators further allow for an evaluation of the 
general resilience of the UMRS. This information could later 
be used in combination with the goals and objectives of the 
UMRR Program to prioritize areas for management actions 
(not included in this report).

Finally, information was compiled for this document at 
the maximum spatial extent of the UMRS river and floodplain 
and at the resolution of individual navigation pools (the area 
between two dams), plus two geomorphically distinct river 
reaches in the open river (undammed part of the UMR). In 
the UMR, the navigation pools are numbered in increasing 
sequence from north (upriver) to south (downriver). Our anal-
ysis extended from navigation pool 3 (p03) as its most upriver 
navigation pool through the two open river reaches (or1 and 
or2) to the Mississippi River’s junction with the Ohio River 
at Cairo, Illinois (fig. 1). For the Illinois River, we assembled 
data for the following named navigation pools: Dresden (dre), 
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Marseilles (mar), Starved Rock (sta), Peoria (peo), La Grange 
(lag), and Alton (alt). For all geospatial analyses, the spatial 
extent of the river and floodplain were standardized to facili-
tate comparison through time. For most datasets, we were able 
to attain information for at least two time periods (c. 1989 and 
2010), but for others we were able to also attain information 
for the year 2000. The navigation-pool scale tends to corre-
spond with the ecosystem and landscape levels of biological 
organization (fig. 3). At these scales and levels of organization, 
the goal of our assessment was to quantify aspects of the river 
floodplain landscape mosaic, important processes impacting it, 
and the consequences for ecosystem and landscape-level habi-
tat availability, diversity, and resilience. One reason for focus-
ing on broader spatio-temporal scales is the lack of species- 
and community-level data for organisms that use or travel 
through the UMRS. With the exception of fisheries and aquatic 
vegetation data collected by the UMRR-LTRM in select 

pools, it is simply not possible to quantify the abundance and 
distribution of different biota identified by the goals and objec-
tives of the UMRS (table 4). Instead, this report considers 
the broad-scale distribution of different physical, hydrologi-
cal, and biological conditions and how they shape the UMRS 
landscape mosaic. The indicators developed quantify as many 
existing UMRS goals and objectives as possible given the 
availability of data and focus on three different components of 
general resilience within the UMRS (table 4).

Thus, this report builds on (1) lessons learned through 
the HNA–I, including the focus on habitat for specific species 
that was part of HNA–I; (2) UMRS management objectives 
derived from the application of an ecosystem-management 
perspective to the condition of and expectations for the 
UMRS; and (3) the initial results of an ongoing resilience 
assessment of the UMRS. 
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Figure 3. A generalization of the relations among spatial and temporal scales and different levels of biological organization (adapted 
from Harwell and others, 1999). At fine spatial and temporal scales, very specific information can be collected to quantify the density, 
age structure, life-history attributes, and genetic diversity of individual species. At a broader scale, data can be collected to evaluate 
the diversity and trophic structure of communities (made up of different species), along with processes such as invasion, predation, 
and competition among species. At even broader and more generalizable scales, data can be collected to characterize collections of 
communities and processes that operate on communities and species (such as succession and hydrogeomorphic change). Finally, at 
the broadest scales, landscape are collections of species, communities, and ecosystem types. For this report, data and indicators were 
developed to assess the Upper Mississippi River System at the ecosystem and landscape levels of biological organization.
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3. Indicators of Ecosystem Structure 
and Function

In this section we briefly describe the methods, results, 
and discuss some of the implications of our findings for a 
series of indicators of ecosystem structure and function for 
the UMRS. The indicators are grouped into four categories, 
relating to principles of promoting general ecosystem resil-
ience (1) managing connectivity, (2) maintaining diversity and 
redundancy, (3) managing controlling variables, and (4) doing 
these activities within the context of long-term successional 
processes (Biggs and others, 2012).

3.1 Connectivity

Connectivity indicators quantify how organisms mov-
ing through the UMRS can access a wide range of conditions. 
Connectivity indicators also quantify the transport of materials 
and energy moving downriver and across the river floodplain 
transition zone via water movement. We quantified three 
indicators of connectivity relevant to the UMRS. The first two 
indicators characterize aspects of longitudinal connectivity, or 
the upriver-downriver exchange of organisms and resources 
(Ward, 1989), and the third indicator characterizes the poten-
tial for lateral movement of water across the river floodplain 
transition zone.

3.1.1  Longitudinal Aquatic Connectivity

Brief Methods
 Longitudinal aquatic connectivity was quantified as the 

average percentage of days that dams were in open river con-
ditions annually for each UMRS navigation pool. Open river 
conditions happen when all dam gates either are lifted out of 
the water or lowered to the bottom, allowing for potentially 
unobstructed water flow and the movement of long-distance 
migratory fish species both upriver and downriver. We calcu-
lated the annual number of days in which the gage discharge 
or stage at each lock and dam exceeded open river conditions 
identified in USACE lock and dam operating manuals for the 
periods 1985–94 and 2006–15. The periods covered in these 
manuals match the 1989 and 2010 datasets developed for other 
indicators. We expressed these values as percent annual days 
for each year and calculated averages within each period. If no 
downriver lock and dam was present (such as downriver from 
St. Louis), longitudinal connectivity was assumed to be 100 
percent.

Brief Results and Discussion
The percentage of annual days that the downriver dams 

of the UMRS were in open river conditions ranged from 100 
percent in the open river (undammed) reaches to near 0 per-
cent at important pinch-points where longitudinal migration 
may be inhibited (such as navigation pools 2, 5, 14, and 19 
in the UMR and pools dre, mar, and sta of the Illinois River; 
fig. 4). The longitudinal pattern in open river days reflects the 
construction of locks and dams on the UMRS and how par-
ticular dams are operated. Lock and dam 19 is a hydropower 
dam with relatively high head even in open river conditions 
and serves as an important pinch-point in the UMRS. In the 
undammed reaches of the river, where absence of locks and 
dams suggest high longitudinal connectivity, there is interest 
in understanding whether wing dikes obstruct fish movement 
along channel margins. In a few pools, the percentage of 
annual days in open river conditions was slightly higher dur-
ing 2006–15 than during 1985–94, likely reflecting increased 
peak discharge conditions during the 2006-15 period (fig. 4). 
Locks and dams with fewer open days represent more signifi-
cant barriers to upriver migration. Recent evidence suggests 
that upriver fish movement is reduced when the gates on 
the UMRS are regulating flow (Tripp and others, 2014), and 
such regulation may limit access to life stage-specific habitat 
requirements. Finally, mussels that rely on migratory host 
fish have experienced declines in their spatial distribution 
as a result of limited longitudinal connectivity (Kelner and 
Sietman, 2000). On the other hand, longitudinal connectivity 
may increase the likelihood that invasive species will estab-
lish a presence in an area. For example, reproducing Asian 
carp (Hypophthalmichthys spp.) have been documented as far 
upriver as pool 16 (Larson and others, 2017). 

3.1.2  Longitudinal Floodplain Connectivity

Brief Methods 
Longitudinal floodplain connectivity was quantified as 

the area (hectare) per linear river mile of the floodplain within 
each UMRS navigation pool that was in natural vegetation (for 
example, undeveloped and not in agricultural production) for 
the years 1989, 2000, and 2010. Natural vegetation provides 
habitat and a migratory corridor for many floodplain species, 
such as migrant birds and mobile animals, as well as insects, 
reptiles and amphibian species. Excessive fragmentation of 
natural vegetation by anthropogenic land-cover types (such 
as agriculture and development) may inhibit the movement 
of migratory species across the UMRS, as suggested by patch 
dynamics theory (Pickett and White, 1985). Land cover and 
land use datasets for the years 1989, 2000, and 2010 (table 
3) were used to quantify longitudinal floodplain connectivity 
by dividing the total natural vegetation area by the length of 
each navigation pool. The index provides a first approxima-
tion of broad-scale constraints on many riverine functions and 
restoration options.
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Figure 4. The percentage of annual days that downriver dams on the Upper Mississippi River System were in open river conditions 
from 1985–94 and from 2006–15 was used to quantify longitudinal aquatic connectivity (for example, the ability of some organisms to 
longitudinally traverse the Upper Mississippi River System).
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Brief Results and Discussion
The floodplain area within UMRS navigation pools in 

natural vegetation (for example, nondeveloped, nonagricul-
tural areas) ranged from 25 to 75 hectare per linear river mile 
in heavily developed pools (such as pool 15 and pool dre) to 
nearly 400 hectare per linear river mile in pools with more 
natural land cover (such as pool 13) (fig. 5). Across the river 
system, most navigation pools support more than 200 hectare 
per linear river mile of natural land cover, despite large differ-
ences in total floodplain area (fig. 5). In the lower UMR and 
Illinois River, the total floodplain (including anthropogenic 
land-cover classes) increases substantially. Hence, natural veg-
etation makes up a much larger proportion of the floodplain in 
the northern pools of the UMRS relative to the lower pools, 
despite similar estimates of the total area of natural land cover. 
This longitudinal pattern in the relative abundance of natural 
vegetation reflects a complex history of policies and actions 
related to land use and commercial navigation on the UMRS. 
In the lower portion of the river system, a broad floodplain 
has been largely disconnected from the Mississippi River due 
an extensive system of levees (see section 3.1.3 Lateral River 
Floodplain Connectivity), allowing for additional agricultural 
and urban development in areas that would otherwise be prone 
to flood inundation and hence more likely to be in natural 
land cover. In contrast, the upper portions of the Mississippi 
River are largely in Federal ownership and managed for fish 
and wildlife habitat, lack significant levee development, and 
continue to support a higher proportion of natural land cover. 

Only minor differences were observed among the 1989, 
2000, and 2010 datasets, and these differences may reflect 
a previously reported reduction in agricultural land cover in 
2010 and increase in natural vegetation cover for some naviga-
tion pools in the lower portion of the UMRS (De Jager and 
Rohweder, 2017). However, such changes through time were 
minor relative to the stronger spatial differences across the 
river system. 

3.1.3  Lateral River Floodplain Connectivity

Brief Methods 
The third indicator of connectivity described the poten-

tial for lateral movement of water across the floodplain by 
calculating the area of navigation pools in open water area and 
the area behind levees (disconnected floodplain). Land cover 
and land use datasets for the years 1989 and 2010, along with 
levee areas from the National Inventory of Dams (table 3), 
were used to quantify the effects of floodplain infrastructure 
on lateral river floodplain connectivity. The proportion of open 
water and disconnected floodplain areas provide indices of 
potentially overconnected conditions resulting from lock and 
dam construction. Levee datasets were used to quantify how 
much of the floodplain is potentially isolated from the river by 
levees. 

Brief Results and Discussion
The area of navigation pools in permanently open water 

ranged from approximately 431 hectare per linear river mile 
in pools with large expanses of open water (for example 
impounded areas) in the northern UMRS to approximately 
76 hectare per linear river mile in the highly constricted open 
river reaches of the UMRS (fig. 6). Higher values may reflect 
overconnected conditions resulting from the impoundment 
by locks and dams. Lower values may reflect underconnected 
conditions resulting from river-training structures, such as 
wing dams and closing structures. Large expanses of open 
water contribute to the long distances across which waves can 
build (wind fetch) in the impounded reaches of the UMRS. 
Wind fetch, in turn, contributes to higher levels of turbidity 
and reduced water clarity (Owens and Crumpton, 1995). Wind 
fetch also increases erosion of small islands and shallow water 
areas (West Consultants Inc., 2000), leading to an overall 
homogenization of UMRS topography. On the other hand, 
large open-water areas that support aquatic vegetation may be 
the preferred habitat for some migratory waterfowl (such as 
Aythya valisineria [canvasback ducks]; Korschgen, 1989). 

The area of navigation pools behind levees ranged from 
0 hectare per linear river mile in many of the northern UMRS 
pools to 1000 hectare per linear river mile in some of the 
lower UMRS reaches (fig. 6). The strong increase in leveed 
areas in the lower UMRS and lower Illinois River can help 
explain the reduced amount of natural land cover in those 
reaches relative to total floodplain area (see section 3.1.2 
Longitudinal Floodplain Connectivity). Some consequences of 
reduced river floodplain connectivity include: reduced capture 
of sediments and nutrients by the floodplain and a concomitant 
increase in the delivery of sediments and nutrients to down-
river areas (such as the Gulf of Mexico); reduced access to 
critical spawning, nursery, foraging, and refuge habitats for 
some fish species; and loss of floodplain habitat to agricultural 
land cover and urban development behind levees (Opperman 
and others, 2010; Galat and others, 1998). 
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Figure 5. The hectares per river mile within the navigation pools of the Upper Mississippi River System that are in vegetation classes 
not associated with direct anthropogenic impacts (for example, nondeveloped and nonagricultural areas) for the years 1989, 2000, 
and 2010 is shown in the lower panel. Also shown in the lower panel is the total floodplain area (including all cover types) for Upper 
Mississippi River System navigation pools. The map displays the proportion of total floodplain area in natural land-cover types for each 
navigation pool (pool widths not to scale). These data were used to quantify longitudinal floodplain connectivity (the ability of organisms 
to longitudinally traverse the Upper Mississippi River System floodplain). 
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Figure 6. The hectares per river mile for navigation pools of the Upper Mississippi River System in open water and behind 
Federal levees for the years 1989 and 2010. Also shown is the hectares per river mile for the total navigation pool area. 
These data were used to quantify patterns of lateral river floodplain connectivity (for example, ability of water, energy, 
nutrients, and organisms to mover laterally across the river floodplain template). 

3.2 Diversity and Redundancy

Diversity and redundancy in a system provides options 
and insurance for responding and adapting to change and dis-
turbances. In rivers, the diversity of hydrogeomorphic features 
provides asynchronous conditions (McCluney and others, 
2014) that in turn promotes diversity and redundancy in asso-
ciated biological populations and functional attributes. Such 
diversity further supports persistent delivery of ecosystem 
services, such as harvestable fish communities and recreational 
opportunities (Oliver and others, 2010; Schindler and others, 
2010). Vegetation diversity is also important in river floodplain 
systems as many communities rely on different vegetation 
types for food and cover. Indicator development for this report 
therefore focused on measures of diversity relevant to habitat 
conditions along the UMRS including aquatic and floodplain 
hydrogeomorphic areas and aquatic and floodplain vegetation 
types. 

3.2.1  Aquatic Areas and Functional Classes

Brief Method

 The importance of resource diversity across time and space 
for supporting and maintaining species diversity has long been 
recognized (Hutchinson, 1961; Cardinale and others, 2012). 
In the same way, habitat heterogeneity and asynchrony across 
space and time can provide species with a portfolio of options 
to buffer against local-scale shifts in habitat availability or 
conditions (Schindler and others, 2015). Floodplain-river 
ecosystems are especially well known for their shifting habitat 

mosaic (Stanford and others, 2005). Local scale variation in 
habitat availability in floodplain-river ecosystems such as 
the UMRS is often buffered by the availability of habitat at 
broader scales (Whited and others, 2007), which can confer 
stability to mobile organisms as long as those habitats are 
accessible. Given the dynamic nature of floodplain-river eco-
systems, however, habitats can be challenging to classify in a 
way that is robust to management and conservation needs but 
accounts for this inherent variability.

The diverse habitat mosaic of the UMRS has long been 
appreciated, and there have been a series of efforts to classify 
and map aquatic patches (Sternberg, 1971, Wilcox, 1993). This 
report classifies the diverse UMRS habitats in a more quantita-
tive way than was previously possible (see Wilcox, 1993) and 
in a way that recognizes the importance of how hydrogeomor-
phic features control habitat dynamics across space and time. 
For this assessment, a hierarchical classification of aquatic 
hydrogeomorphic areas and functional classes was developed 
based on large-to-fine scale physical characteristics known to 
influence species distributions in rivers.

First, at the large-scale level, primary river features 
were delineated. This first level of classification was primar-
ily based on visually delineating land-water boundaries from 
2010 system-wide aerial photography and following rules to 
delineate the primary river features using methods that were 
consistent with UMRS aquatic areas developed in 1989 (Wil-
cox, 1993; appendix 1). This classification included broadly 
defined aquatic area types such as main channel, side channel, 
etc. (fig. 7). Second, newly available bathymetric and land-
cover data were used to more quantitatively distinguish these 
broad scale aquatic areas. For example, this second classifica-
tion level included redefining the continuous impounded area 
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Figure 7. The hectares per river mile of each general aquatic area within each navigation pool of the  
Upper Mississippi River System for 1989 (middle panel) and 2010 (lower panel), along with Simpson’s diversity 
index derived from the data (top panel).
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class from the first level into side channel and contiguous 
floodplain lake habitat based on bathymetric and aquatic veg-
etation features. This second classification level was only used 
to generate the third level of classification; no patterns in the 
second level are reported here. 

Third, finer-scale functional classes were developed 
within the previous broad categories using metrics of depth 
and connectivity. Depth and connectivity are fundamental 
physical features of habitat and influence important smaller-
scale habitat characteristics as current velocity, vegetation 
growth, and water quality that shape how and if species use 
various areas of the larger river system. In this instance, we 
define connectivity as the ability of water to move among dif-
ferent hydrogeomorphic patches. 

The aquatic functional classes were defined primarily by 
depth and connectivity attributes associated with each individ-
ual aquatic area region (for example, polygon; classes shown 
in table 5 and described more fully in appendix 1). More than 
50 metrics were derived from data on bathymetry, surrogates 
for water exchange rates, river training structures, wind fetch, 
and adjacent terrestrial vegetation (table 3; appendix 1). Some, 
but not all, metrics were shared among lotic and lentic classes. 
The three depth-related metrics were the same between lentic 

and lotic classes, but given the distinct nature of lentic and lotic 
areas, different metrics were used to describe their connectivity. 
For example, metrics that describe connectivity in lentic areas 
included the effective number of connections and percent perim-
eter as channel, which do not apply easily to lotic areas. Lotic 
area metrics included measuring for the presence of artificial 
river training structures such as wing dams, which do not occur 
in off-channel areas. See appendix 1 for a full description of 
each metric and how they were calculated.

Although more than 50 metrics were derived, only 11 of 
these metrics, which mainly describe features of depth and 
connectivity, were used to develop 13 functional classes. The 
set of functional classes was developed to capture relevant 
characteristics that might best represent a wide range of general 
habitat types within a limited number of classes. Eight of the 
classes applied to lentic areas and five applied to lotic areas of 
the UMR (table 5). In addition, because the criteria for some of 
the classes overlap, each class is not mutually exclusive of other 
classes (polygons can be in multiple classes and when summed, 
the areas of all classes will exceed the total aquatic area). For 
example, a backwater may be deep, have a depression, and have 
a borrow pit and, therefore, would be classified as being in all 
three classes. 

Table 5. Criteria used to assign regions (polygons) to aquatic functional classes based on geographic information system-calculated 
metrics (metric definitions below). Area thresholds (those not a percentage) for depth, size, sill, and TPI are in hectares; fetch is in 
kilometers; econ is dimensionless (0–100; high values are more connected); and Str is the count of wingdams and closing dams. A full 
description of all metrics developed for the 2010 aquatic areas data set are provided in appendix 1.

[Econ, effective connections, a measure of flow through a water body; Sill, measure of morphometric depression; PPC, percent perimeter that is channel; TPI, 
topographic position index using TPI1 measure of canyon bottom; Str, structures, both wingdams and closing dams; Fetch, weighted mean fetch; Size, areal extent 
of region; forest, percent of perimeter that is forested; depth, depth at the 75 percent exceeded discharge condition; <, less than; %, percent; >, greater than]

Class name

Metric

Connectivity
Fetch Size Forest

Depth (meter)

Econ Sill PPC TPI Str >0.5 >1 >3

Lentic
  Shallow -- -- <30% -- -- -- -- -- <20% -- --

  Deep -- -- <30% -- -- -- -- -- -- >1 --

  Depression -- >0.1 <40% -- -- -- -- -- -- -- --

  Borrow pit -- >0.1 -- -- -- <1 -- -- -- -- >1

  Wooded shoreline -- -- <50% -- -- -- -- >50% -- -- --

  Low connectivity <5 -- <10% -- -- -- -- -- -- -- --

  Shallow w/flow >5 -- >10% -- -- -- -- -- <50% <10 --

  Large w/flow -- -- >20% -- -- >1 >25 -- -- -- --

Lotic
  Shallow -- -- -- -- -- -- -- -- -- <25% --

  Structured w/scour -- -- -- >1 >0 -- -- -- -- -- --

  Structured -- -- -- -- >0 -- -- -- -- -- --

  Wooded shoreline -- -- -- -- -- -- -- >50% -- -- --

  Deep -- -- -- -- -- -- -- -- -- -- >80%
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After compiling these new classifications, the area of 
each aquatic area class (for example, the first level of clas-
sification) per river mile within each navigation pool was 
measured and used to calculate Simpson’s diversity index. 
This index is intended to capture broad-scale differences in 
aquatic hydrogeomorphic composition and diversity across the 
river system. Functional classes (for example, the third level 
of classification), defined using a multivariate clustering analy-
sis, were then used to group navigation pools that share similar 
functional habitat characteristics across the UMR. This section 
first describes the frequency, spatial distribution, and diversity 
of aquatic areas in the UMRS based on the general classes 
and then describes the distribution of functional classes. More 
specifics of the methods and metrics used for classification are 
detailed in appendix 1. 

Brief Results and Discussion
There was not a strong longitudinal trend in Simpson’s 

diversity in aquatic hydrogeomorphic areas, but the diversity 
ranged from high values in navigation pools with a relatively 
even mix of aquatic area classes (such as most of the naviga-
tion pools north of pool 14) to lower values in pools that were 
dominated by a few classes (such as pools 4, 15, and the open 
river reaches; fig. 7). In some cases, pools with a very differ-
ent composition of aquatic area classes had similar estimates 
of diversity. For example, in the lower UMR, most pools 
have a relatively high proportion of aquatic area in channel 
borders and lack impounded areas compared to the upper 
UMR, whereas the pools in the upper UMR tend to support 
higher quantity of impounded area and off-channel habitat but 
a lower amount of channel border habitat as compared to the 
lower UMR. Minor differences were observed in aquatic area 
diversity between 1989 and 2010. In some cases, these differ-
ences reflect subtle changes in water levels at the time of pho-
tography (such as isolated versus contiguous floodplain lakes), 
but in other cases, these differences represent effects of longer-
lasting hydrogeomorphic changes. For example, restoration of 
islands in some navigation pools (such as Pool 8; fig. 8) has 
converted some impounded areas into shallow aquatic areas 
(for example, channel and floodplain lake complexes). 

Clear spatial patterns in the finer-scale classification 
using functional classes were also observed across the UMR 
in both lentic and lotic classes (fig. 9). In most cases, the area 
of lentic functional classes is greater in northern navigation 
pools upriver of pool 15. Some lentic classes, however, tended 
to group more strongly across space. For example, longitudi-
nal trends for lentic shallow and lentic with wooded shoreline 
areas were similar, with high abundances in the northern UMR 
navigation pools and southern Illinois River navigation pools 
(fig. 10). Comparatively lower abundances of these classes 
were found in the southern UMR pools and northern Illinois 
River pools. 

Shallow lentic areas can provide benefits to species that 
associate with aquatic vegetation and macroinvertebrates, such 
as dabbling ducks (Stafford and others, 2007) and wading 
birds (Custer and others, 2004). Emergent vegetation is a com-
mon feature of lentic shallow areas (Peck and Smart, 1986) 
that can also provide food sources or cover from predation for 
some species. However, lentic shallow areas provide only mar-
ginal habitat conditions (for example, low dissolved oxygen 
and temperature) for species that depend on deep water during 
critical periods (such as overwintering fish habitat; Sheehan 
and others, 1994). Lentic areas with wooded shoreline provide 
a diversity of benefits, such as potential habitat for some 
terrestrial species (such as Megaceryle alcyon [kingfishers]). 
Wooded shorelines have indirect effects on aquatic habitat 
as well, such as the increased probability of woody debris 
from fallen trees (mast deposited in aquatic areas; Angradi 
and others, 2004), lower water temperatures through shading 
(Rounds, 2007; Julian and others, 2008) and alter the abun-
dance of submersed vegetation (Köhler and others, 2010). 
Loss of forest cover because of invasion by herbaceous spe-
cies (such as Phalaris arundinacea L. [reed canarygrass]) may 
impact the amount of wooded shoreline in some pools. 

The lentic deep and deep-depression classes displayed 
similar longitudinal distributions across the UMRS, with high-
est abundances in the northern portion of the UMRS (pools 5, 
7, 8, 9, 10, and 13; fig. 11). Few navigation pools in the lower 
UMR or Illinois River supported high abundances of any deep 
areas. Borrow pits were generally less abundant than other 
deep lentic areas, but such pits can be found in the pools in the 
northern UMRS. The borrow pit class includes areas that were 
not dredged, but the predominant origin of areas deeper than 
3 meters (m) are from dredging. 

Within backwaters, deeper areas are often considered to 
be critically important habitat areas because sedimentation 
continues to fill in backwaters (See Section 3.4.1 Sedimenta-
tion in Off-Channel areas). Deep lentic areas and depressions 
often have lower water-exchange rates, and these deep areas 
provide refuge from cold main-channel water during the 
winter. Deep lentic areas with low velocity provide critical 
habitat conditions (for example, oxygen and temperature) for 
some fish species during winter (Knights and others, 1995; 
Sheehan and others, 1994). However, in some cases flow 
velocities are so low that they limit winter survival because of 
low oxygen levels (Gent and others, 1995). Borrow pits are 
anthropogenic, very deep depressions that also provide unique 
habitats, although hypoxic conditions can cause these areas to 
be unsuitable for overwintering fish in some cases. 
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Figure 8. Navigation pool 8 of the Upper Mississippi River System showing the distribution of aquatic areas in 1989 (left) and 
2010 (right). Note the increase in the contiguous floodplain shallow-aquatic class in the lower portion of the pool, reflecting island 
construction during the 1990s and early 2000s.
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Figure 10. The hectares per river mile of lentic shallow areas and lentic areas with wooded shorelines. See table 5 for criteria 
for shallow and wooded shoreline. 
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Figure 11. The hectares per river mile of lentic deep areas. See table 5 for criteria for deep, depression and borrow pit. 
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All lentic areas defined by their connectivity to the main 
channel (such as low connectivity, shallow with flow, deep 
with flow) tended to be more abundant in the northern naviga-
tion pools of the UMR and the southern navigation pools of 
the Illinois River (fig. 12). This was especially true for the 
class defined as low connectivity. Lentic large and lentic shal-
low with high exchange rates classes (for example, large with 
flow and shallow with flow, respectively) are similar to the 
Impounded Area in the Wilcox classification (Wilcox, 1993), 
so this high abundance partially reflects the prevalence of 
impounded habitat in northern navigation pools. For these two 
classes, there were important pool-by-pool differences. For 
example, navigation pools with large impounded areas often, 
but not always, also had large areas defined as shallow with 
flow. However, in many cases pools with abundant lentic shal-
low areas with flow had no area defined as large with flow (for 
example, pools with no impounded area). 

Water exchange rates in off-channel areas define many of 
the physical, chemical, and structural criteria of lentic spe-
cies’ habitat. For example, low flow conditions common to 
many off-channel areas are important in providing many fish 
species refuge from high flows in main channel areas. Low 
flow conditions can negatively influence water quality; how-
ever low water exchange can result in declines in dissolved 
oxygen levels in off-channel areas that harm species survival 
(James and others, 1995). Some species, such as lentic mussel 
communities, thrive in off-channel areas with greater water 
exchange (Tucker and others, 1996). Large lentic areas of 
higher exchange rates also provide unique habitat for diving 
ducks during fall migration (Korschgen, 1989). At intermedi-
ate rates of water exchange, these off-channel habitats pro-
vide relatively high levels of nutrient retention and removal 
important to water quality in the larger river landscape (James 
and others, 2008).

There were interesting patterns in the functional charac-
teristics of lotic areas across UMRS navigation pools as well. 
Shallow channel areas were most abundant in navigation pools 
7–13, 18, the open river reaches, and most of the pools of the 
Illinois River (fig. 13). Channels with wooded shorelines were 
generally most abundant in the southern UMR pools, where 
there is an abundance of both channel area and forested area 
(see section 3.2.4 Floodplain Vegetation Diversity). 

Shallow lotic-channel areas provide different habitat than 
deeper channels, and are more often associated with islands 
and sandbars. Shallow-channel areas may be particularly 
important in the unimpounded portion of the UMR where the 
predominant aquatic environments have deep and high veloc-
ity conditions (such as the main channel). Wooded shoreline 
provides habitat for some terrestrial species (such as king-
fisher), and has some indirect effects on aquatic habitat (such 
as increased probability of woody debris from fallen trees; 
Angradi and others, 2004). Wooded shorelines also affect 
some aquatic conditions because of overstory shading, such 
as water temperature (Rounds, 2007; Julian and others, 2008) 
and abundance of submersed vegetation (Köhler and others, 
2010). Deep channel areas provide habitat for many large 

river fish species (Dettmers and others, 2001) and function 
somewhat differently with regard to primary production, as 
a small fraction of the volume is in the photic zone (Sobotka 
and Phelps, 2016). 

The lotic-structured class was relatively abundant 
throughout the UMR, but nonexistent in the Illinois River 
(fig. 14). For most navigation pools, a subset of the lotic-
structured area contains scours, hence a similar longitudinal 
pattern was observed for lotic-structured class types with and 
without scours. Deep lotic areas were relatively rare in the 
northern UMR but increased substantially in the lower UMR. 
There were no deep lotic areas in the Illinois River. Areas of 
all regions that fit the criteria were summed by pool for the 
lotic deep and lotic with structure classes. Areas consisting 
of only the structure scour were summed for the lotic with 
structure scour class. Areas of regions containing a structure 
score were not included. Channels with structures often have 
rock substrates and morphometric variation, which provide 
interstitial habitats for macroinvertebrates and larval fishes 
(Sandheinrich and Atchison, 1986). Further, low velocity 
conditions directly downriver from wing dikes often have a 
high concentration of larval fishes and may provide nurs-
ery conditions (Barko and others, 2004). Those channels 
with scours associated with structures provide diversity in 
morphometry and area of lower water exchange rates. Lotic 
fishes often associate with wing dike scour holes, presumably 
because of lower velocities and the capture of invertebrate 
drift in eddy pools formed behind wing dikes (Koch and oth-
ers, 2012; Calkins and others, 2012; Barko and others, 2004).

Synthesis of Aquatic Functional Class Distribution

We performed a hierarchical cluster analysis to identify 
the navigation pools within the UMRS that share similar 
distributions of aquatic functional classes. All functional 
classes identified in table 5 were included in the analysis. 
We evaluated the cluster analysis results by examining the 
distribution of navigation pools and their cluster member-
ship with a metric dimensional scaling (MDS) ordination. 
MDS ordination is a way to obtain a 2-dimensional spa-
tial representation of similarities among the navigational 
pools that comprise unique distributions of multiple aquatic 
functional classes. In our MDS, the x- and y-axes represent 
combinations of aquatic functional classes, with the x- and 
y-coordinates of each navigational pool reflecting a given 
pool’s combination of aquatic functional classes. Navigation 
pools appearing close together in MDS plots are interpreted 
as being more compositionally similar to each other than to 
navigational pools plotted farther away. The first MDS axis 
(MDS 1; fig. 15) was positively correlated (R) with all lentic 
classes (R > 0.27) and negatively correlated with four of the 
five lotic classes (R < -0.27). The only lotic class positively 
correlated with MDS 1 was the shallow lotic class (R = 
0.27). Hence, navigation pools located to the right of MDS 1 
(positive values) tend to have large areas in lentic functional 
classes, but navigation pools located to the left of MDS 1 
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Figure 12. The area of lentic functional classes primarily defined by connectivity measures that reflect water exchange 
rates. The low connectivity and shallow with flow (higher connectivity) classes are measured in hectares per river mile, but 
the large with flow (higher connectivity, for example, impounded areas) is measured in hectares per navigation pool. See 
table 5 for criteria for each class. 
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Figure 13. The area in hectares per river mile of lotic functional classes characterized as shallow and containing wooded 
shoreline. See table 5 for the criteria for each class.
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Figure 14. The hectares per river mile of lotic functional classes primarily defined by deep depths or structures. Classes 
include deep lotic, lotic with structure, and lotic with structure scours. Structures include wing dams and closing dams. See 
table 5 for criteria for each class.

(negative values) tend to have large areas in lotic functional 
classes. The second (vertical) axis of the biplot (MDS 2; 
fig. 15) was positively correlated with three primary lentic 
functional classes (lentic burrow pit [R = 0.51], lentic deep [R 
= 0.54], and lentic depression [R = 0.55]) and was negatively 
correlated with the lotic shallow functional class (R = -0.23). 
Hence, navigation pools located to the top of MDS 2 tend to 
have large amounts of area in deep lentic classes, but pools 
located to the bottom of MDS 2 tend to have large amounts 
of area in the shallow lotic class. Later, in section 3.4 (Cross-
Indicators Synthesis) we use the pool-specific values for MDS 
1 and 2 (referred to as aquatic functional class score [AFCS] 
1 and 2, respectively) to quantify differences among pools in 
aquatic functional class distributions. 

The hierarchical cluster analysis identified eight groups 
of navigation pools (fig. 15). Unique navigation pools included 
mar (group b) in the Illinois River, which had very little 
aquatic area meeting any of the functional class criteria, and 
pool 15 (group e) in the UMR, which also tended to have very 
little aquatic area meeting any of the functional class criteria, 
with the exception of the lotic-structured class. The two open 

river reaches (or1 and or2) grouped together (group f) and 
were characterized by a lack of lentic area and high abundance 
of lotic-structured areas and lotic-structured with scour areas. 
Group g (pools 20, 22, and 24 of the UMR) were similarly 
characterized by an abundance of structured channel area. 
Nine navigation pools were contained within group h (pools 
6, 12, 14, 16, 17, 18, 21, 25, and 26), which was somewhat 
similar to the channel-dominated groups (f and g) but included 
more lentic area. Eight navigation pools were found in group 
d (UMR pools 5A, 8, 9, 10, 11, 13, 19, and peo of the Illinois 
River), which was characterized by having both large shallow 
lentic areas with flow and lentic areas that were deep and with 
wooded shorelines. Navigation pools 3, 4, 5, and 7 fell within 
group c, which differed from the other highly lentic group 
(group d) in that it contained a much higher abundance of deep 
lentic areas. Finally, four navigation pools from the Illinois 
River (lag, alt, dre, and sta) were found in group a. This group 
was restricted to the Illinois River and exhibited a combination 
of lentic areas with wooded shorelines, lentic-shallow areas 
with flow, and lotic shallow areas, without much area in any 
other aquatic functional class. 
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3.2.2 Aquatic Vegetation Diversity

Brief Methods 
To represent the abundance and diversity of aquatic vegeta-
tion, land cover and land use data (fig. 16) were used for the 
years 1989, 2000, and 2010. These datasets were used to 
quantify the area of navigation pools where no vegetation 
was detected (open water), along with the area in five aquatic 
vegetation types: deep marsh annual (annual wild rice, Zizania 
aquatica); deep marsh perennial (arrowhead, Sagittaria spp.; 
cattail, Typha spp.; bur-reed, Sparganium eurycarpum; and 
pickerel weed, Pontederia cordata); deep marsh shrub (but-
tonbush, Cephalanthus occidentalis and swamp loosestrife, 
Decodon verticillatus); rooted floating aquatic (American 
lotus, Nelumbo lutea; and water and pond lilies, Nymphaea 
spp. and Nuphar spp); and submersed aquatic vegetation (wild 
celery, Vallisneria americana; Elodea canadensis, Potamoge-
ton spp.; and coontail, Ceratophyllum demersum) (Dieck and 
others, 2014). Simpson’s diversity index was used to quantify 
vegetation diversity based on these vegetation classes (includ-
ing no vegetation as one of the classes). 

Brief Results and Discussion
The diversity of aquatic vegetation classes was highest 

in the upper navigation pools of the UMR and in pool dre of 
the Illinois River (fig. 17). In these pools, submersed aquatic 
vegetation and rooted floating aquatics were the most abun-
dant vegetation classes, followed by deep marsh perennial 
and deep marsh annual classes. The longitudinal pattern in 
aquatic vegetation reflects spatial differences in a combination 
of variables known to limit aquatic vegetation in the UMRS. 
Downriver of Pool 13, the relative abundance of side channel 
and channel border habitats increases substantially, but the 
abundance of shallow water aquatic areas, floodplain lakes, 
and impounded areas decreases (see section 3.2.1 Aquatic 
Areas and Functional Classes). Such changes suggest that 
there are fewer areas that support shallow and slow-moving 
water required for aquatic plant growth. In addition, aquatic 
plants tend to establish and preform best under stable water 
level conditions. In the lower UMRS, water-surface elevations 
fluctuate more than in the upper UMRS (see section 3.3.1 
Water-surface Elevation Fluctuations). TSS concentrations 
increase from upriver to downriver in the UMRS (see section 
3.3.2 Total Suspended Solids Concentrations), which reduces 
water clarity. Finally, additional factors not evaluated in this 
report that could limit aquatic vegetation are substrate stability 
and grazing. In combination with each other, the geomorphic 
conditions, water levels, and water clarity in the lower UMRS 
help to explain the low-levels of aquatic vegetation found in 
the lower UMRS. 

Differences in aquatic vegetation class diversity through 
time have been observed in some reaches of the UMR and 
Illinois River. For example, drought conditions during the 
late 1980s are thought to have contributed to a widespread 

decline in submersed vegetation throughout the UMRS during 
the early 1990s (Tyser and others, 2001; Fischer and Claf-
lin 1995). Since then, submersed vegetation has increased 
throughout the northern portions of the UMRS (upriver 
of navigation pool 14), but has not increased as much in 
the lower UMRS (De Jager and Yin, 2011; De Jager and 
Rohweder, 2017). These results can be seen in figure 18, as 
the diversity of aquatic vegetation in 2010 either was similar 
to or greater than in 1989 for northern pools of the UMR and 
the dre and lag pools of the Illinois River, but navigation pools 
downriver from Pool 13 tended to have a lower abundance and 
diversity of aquatic vegetation in 2010. 

3.2.3 Floodplain Functional Classes

Brief Methods 
In the UMRS, inundation is the dominant physical driver of an 
array of ecosystem patterns and processes including vegeta-
tion dynamics and biogeochemical cycling (De Jager and 
others, 2012; 2015b). In general, four aspects of hydrologic 
regimes are thought to drive river floodplain ecosystem form 
and function: event frequency, duration, depth, and timing 
(Poff and others, 1997). The responses of many ecologi-
cal processes (such as plant establishment and survival or 
biogeochemical cycling) to individual flood events can vary 
depending on frequency of occurrence, how long the flood 
event lasts (duration), how deep the water becomes on the 
land surface (depth), or the event’s seasonality (timing) (Junk 
and others, 1989; Merritt and others, 2010). For example, the 
frequency of flooding may mediate assemblage composition 
of microbial (Argiroff and others, 2017) and vegetation com-
munities (Stokes and others, 2010). Prolonged flood events 
can result in soil hypoxia that affects nutrient cycling rates 
(Pinay and others, 2002) and metabolic processes in plants 
(Blom and Voesenek, 1996; Kozlowski, 1984). Flooding depth 
can impact the establishment and growth of both understory 
and overstory plant species (Karrenberg and others, 2003; 
Robertson and others, 1984). The timing of floods can interact 
with plant life-history strategies to affect patterns of coloniza-
tion, competition, and succession (Braatne and others, 2007; 
Lytle and Merritt, 2004; Merritt and others, 2010) and other 
ecosystem attributes such as productivity, nutrient cycling, 
and riverine species diversity (Junk and others, 1989; Jardine 
and others, 2015; Kreiling and others, 2015). Over longer time 
spans, annual summaries of total duration help describe spatial 
differences in ecological properties that may emerge through 
decades to centuries (such as plant community composition 
and structure or soil texture) (De Jager and others, 2012; 
2015a Marks and others, 2014). 

Despite the important role of inundation, system-wide 
characterizations of flood frequency, duration, depth, and 
timing have been limited for the UMRS. There are a few 
existing spatially explicit characterizations summarizing 
only annual total duration in the northernmost portion of the 
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Figure 16. Navigation pools 8 and 25 of the Upper Mississippi River System, illustrating the widespread distribution of aquatic 
vegetation in the spatially extensive lentic areas of the northern Upper Mississippi River System (pool 8) and the lack of vegetation in 
the relatively more lotic conditions found in the southern Upper Mississippi River System (pool 25).
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Figure 17.  Simpson’s diversity index (top panel) and the area (hectare per linear river mile) of vegetated and unvegetated aquatic 
areas within navigation pools of the Upper Mississippi River System for 1989, 2000, and 2010 (progressively lower panels).
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Figure 18. Floodplain functional classes, defined by the mean total duration of inundation during the growing season and for the past 
40 years, shown here for navigation pools 10 and 25 in the Upper Mississippi River System.
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UMRS (pools 3–10; De Jager and others, 2016), and no efforts 
have focused on characterizing flood event frequency, depth 
or timing for any portion of the UMRS. It is important to more 
fully describe inundation dynamics across the UMRS because 
no single aspect of the hydrologic regime is uniformly use-
ful for understanding all ecological phenomena in floodplain 
ecosystems (Merritt and others, 2010). We therefore developed 
a surface-water connectivity modelling framework to support 
investigations of a wide range of ecological properties and 
processes that may respond to different aspects of the UMRS 
hydrological regime across different spatial and temporal scales 
(see appendix 2 for details on methods). 

The goal of the analysis presented here was to develop 
floodplain functional classes that systematically describe and 
map ecologically relevant gradients of surface-water inunda-
tion. Briefly, we began by interpolating 40 years (1972–2011) 
of daily water-surface elevations between pairs of gages along 
the UMRS. We limited the analysis to the growing season days 
between April 1 and September 30 to approximate the season 
in which most of biophysical processes, such as vegetative 
metabolism and biogeochemical cycling, are likely to be most 
active across the URMS longitudinal gradient. We compared 
these water-surface elevations to topo-bathymetric data that had 
been modified to account for slopes and hydrologic routing. 
The comparisons resulted in spatially explicit distributions of 
inundation depth through time across the entire UMRS. 

The inundation model can be used to characterize flooding 
patterns across the UMRS by summarizing the inundation depth 
time series in several ways. First, unique inundation events in 
the depth time series can be calculated as sets of sequential days 
during which the water surface exceeded the terrestrial eleva-
tion (for example, discrete periods of land submergence). Using 
the 40-year period of record for all UMRS floodplain terrestrial 
areas, these events can be summarized in terms of their fre-
quency (average number of events per year of record), duration 
(median event length), depth (maximum depth observed during 
an event, summarized as a median across all events), and timing 
of inundation events (day of the year peak depth was achieved, 
summarized as a median of all events and as circular variance of 
all events) (appendix 2). These event-based metrics and combi-
nations thereof may be useful in understanding various ecologi-
cal patterns and processes in the UMRS floodplain. 

For this assessment, we calculated the 40-year mean total 
growing season inundation duration (the average number of 
days a surface is inundated in a given year) (fig. 18). Given 
the importance of long-term inundation durations on flood-
plain vegetation and soil distributions and dynamics in this 
system (De Jager and others, 2012; 2015a), we used this value 
as a basis for classifying all floodplain areas. After masking 
out all nonnatural areas of the floodplain (for example, areas 
in agricultural production or developed) we summarized the 
distribution of floodplain functional classes as the area per river 
mile (calculated as total area of each class in each pool divided 
by the length of the pool) in each navigation pool in 10-day 
duration bins. The end result was floodplain functional classes 

that represented areas expected to experience different growing 
season inundation durations based on average hydrologic con-
ditions from 1972 to 2011.We calculated Simpson’s diversity 
index for each navigation pool based on the abundance of these 
floodplain functional classes.

Brief Results

The diversity of floodplain functional classes was low-
est in the three upper pools of the Illinois River (dre, mar, and 
sta) because they generally lacked area that flooded for more 
than 30 days during the growing season (fig. 19). Other pools 
with relatively low estimates of Simpson’s diversity included 
pools 5, 6, 14, 15, 20, 26, and the open river reaches. These 
pools tended to have a more uneven distribution of floodplain 
functional classes as compared to the rest of the navigation 
pools, with a relatively lower abundance of areas that flood for 
more than 60 days during the growing season. The remaining 
navigation pools tended to support Simpson’s diversity indices 
> 0.80 and had a relatively even mix of floodplain functional 
classes. However, the pools in the northern portion of the 
UMR (approximately upriver of Pool 12), along with pools 
18 and 19 in the middle UMR and the peo and lag pools in the 
Illinois River, tended to have more area in classes with long 
inundation durations (> 60 days during the growing season). In 
contrast, the pools in the lower portion of the UMR (downriver 
from pool 15) tended to have greater area in classes that flood 
between 30 and 60 days during the growing season. 

Given that previous research has indicated nonrandom 
associations between the vegetation communities of the UMR 
and similar indices of flood inundation duration, the longi-
tudinal patterns in the abundance and diversity of floodplain 
functional classes help to explain patterns in floodplain vegeta-
tion across the UMRS (see section 3.2.4 Floodplain Vegetation 
Diversity). Specifically, in the northern portion of the UMR 
upriver of Pool 11, De Jager and others (2015a) determined 
that forest communities that support less flood-tolerant oak and 
hickory species, as well as dry grassland species, were posi-
tively associated with floodplain areas that flooded for less than 
30 days during the growing season. Areas that flooded between 
30 and 70 days during the growing season may support a wide 
range of plant communities, including wet meadows, maple 
dominated floodplain forests, willow, and cottonwood com-
munities. Finally, areas that flooded for longer than 70 days 
showed a positive association with shallow marsh communi-
ties, with progressively more flood-tolerant herbaceous species 
occurring in areas with even longer durations. These results are 
further supported by correlations between the area (hectare per 
linear river mile) in different floodplain functional classes and 
the area (hectare per linear river mile) in different floodplain 
vegetation communities (See section 3.2.4 Floodplain Vegeta-
tion Diversity), suggesting that modifications to the abundance 
and distribution of floodplain functional classes could play 
a strong role in modifying the abundance and distribution of 
specific plant communities.
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The floodplain functional classes represent different 
flood-inundation duration zones that have known relations 
with UMRS floodplain vegetation communities. For this rea-
son, the diversity of classes represents the hydrogeomorphic 
variability of nonaquatic areas. Identifying places with rela-
tively high or low hydrogeomorphic variability can be useful 
for understanding how restoration projects that modify surface 
topography or manipulate water-surface elevations may affect 
pool-scale hydrogeomorphic variability in ways that support 
diverse and resilient floodplain plant communities. However, 
there are other aspects of the flood regime that may be useful 
in parsing out variability in vegetation communities and (or) 
other important ecological attributes such as nutrient cycling. 
Future research could illuminate how multiple aspects of 
flooding (such as frequency, duration, depth, and timing) 
might drive patterns of vegetation, biogeochemical cycling, 
soil development, and sediment dynamics in the UMRS. 

3.2.4 Floodplain Vegetation Diversity

Brief Method 
To represent the composition and diversity of floodplain 
vegetation communities, land cover and land use data were 
used for the years 1989, 2000, and 2010 (fig. 20). Briefly, the 
land-cover data provides an approximation of the amount and 
distribution of standard land-cover classes (such as agriculture, 
development, roads, sand, etc.) as well as important vegetation 
communities (table 6; Dieck and others, 2014). We focused 
on 10 vegetation classes considered to be natural vegetation in 
section 3.1.2 in addition to sand and (or) mud to further char-
acterize differences among navigation pools and through time 
in the composition and diversity of the UMRS floodplain. .

Brief Results and Discussion
As noted in section 3.1.2 (Longitudinal Floodplain Con-

nectivity), floodplain vegetation makes up a much greater pro-
portion of the total UMRS floodplain in the northern portion 
of the river system than in the southern portion of the system 
where the floodplain is much wider, protected by levees, and 
dominated by agriculture. Within the areas of the UMRS 
floodplain in natural land-cover types, a diversity of vegetation 
types exists. The high degree of interspersion among vegeta-
tion types results from the complex interplay between tempo-
ral patterns in water levels on the UMRS and the topographic 
structure of the floodplain (see section 3.2.4 Floodplain Func-
tional Classes). For example, the abundance of upland forest, 
grassland, lowland forest, shrub-scrub, and sedge meadow 
communities was generally greatest in navigation pools that 
had more area that flooded for less than 10 days during the 
growing season (table 7). As the amount of area in navigation 
pools that exceeded 10 days inundation per growing season 
increased, the area in these less flood-tolerant plant communi-
ties declined. In contrast, the area of navigation pools in flood-
plain forest, wet meadow shrub, wet meadow, Salix, Populus, 
and shallow marsh communities was positively correlated with 

the area of navigation pools that flooded for longer than 10 days 
per growing season (table 7). The most highly flood-tolerant 
vegetation types appeared to be wet meadow, Salix, and shallow 
marsh communities, as their abundances were often highly cor-
related with the area of navigation pools that flooded for longer 
than 50–60 days during the growing season (table 7). 

The associations between flood inundation and vegeta-
tion communities can help explain the longitudinal patterns 
in floodplain vegetation diversity and composition shown in 
fig. 21. For example, in the northern portion of the UMR, the 
diversity of vegetation types fluctuated between lows near 0.5 
in navigation pools 4 and 5a to higher values (near 0.7) in navi-
gation pools 5, 6, 7, and 8. However, diversity declined from 
navigation pool 6 to 12. This decline occurred in relation to the 
decline in floodplain functional classes that flood for fewer than 
20 days during the growing season (fig. 19) and an associated 
decline in the abundance of the lowland forest community type 
(fig. 21). In addition, two more flood-tolerant plant communi-
ties (wet meadow and shallow marsh) also tended to decline 
in abundance from pools 6 to 12. The longitudinal shift in the 
abundance of wet meadow communities is notable because a 
recent study showed that approximately 70 percent of the wet 
meadows in pools 3–10 were dominated by single invasive spe-
cies, Phalaris arundinacea [reed canarygrass]) (De Jager and 
others, 2017). 

Downriver of Navigation Pool 12 and throughout the Illi-
nois River, the diversity of vegetation types varied, but gener-
ally increased to reach similar levels to those observed in the far 
north of the UMR for the years 2000 and 2010 (fig. 21). This 
spatial increase in diversity was primarily driven by an increase 
in the relative abundance of three forest types: lowland forest, 
Populus, and Salix communities. In the open river reaches (or1 
and or2), these community types were relatively abundant dur-
ing all years (1989, 2000, and 2010), but for pools 17–26, these 
community types were much less abundant in 1989, and the 
floodplain forest community type was dominant in 1989. One 
explanation for these changes is that the flood of 1993, in which 
river levels exceeded bank-full conditions for approximately the 
entire growing season in the lower river (Yin and others, 1994), 
may have created new sandbars and more open-canopied condi-
tions that supported the establishment of early successional 
cottonwood and willow communities. It is also possible that 
agricultural lands in the lower river were abandoned following 
the flood of 1993 and have since recruited to early successional 
cottonwood communities. However, another explanation is that 
young oak, willow, and cottonwood communities were difficult 
to identify in 1989 photos; in 2000 and 2010, when the com-
munities were older, oak, willow, and cottonwoods became 
easier to distinguish from other species. In addition, the relative 
abundance of wet meadow and other herbaceous communities 
that tend to be associated with longer flood durations decreased 
downriver from pool 12 (fig. 21) along with the area of the 
floodplain in long duration flood inundation zones (> 80 days; 
fig. 19). These lower-river navigation pools had a higher 
abundance of lowland forest and Populus communities, likely 
reflecting a greater abundance of areas that flood for less than 
30 days during the growing season (fig. 19). 
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Figure 20. Maps illustrating the distribution of different floodplain vegetation types in navigation pool 8 in the northern portion of the 
Upper Mississippi River System and pool 25 in the south.
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Table 6. The floodplain vegetation community types used in the analysis of floodplain vegetation diversity, along with the plant  
species commonly found within each community type.

Community type Species present in community type

Upland forest Quercus rubra L., Quercus alba L., Carya ovate (Mill.) K. Koch, Populus tremuloides Michx., 
Betula papyrifera Marshall,  Ulmus Americana L.

Lowland forest  Quercus bicolor Willd., Quercus rubra L., Quercus macrocarpa Michx., Betula nigra L., Acer 
negundo, Populus deltoides W. Bartram ex Marshall, Carya cordiformis (Wangenh.) K. Koch. 

Populus community Populus deltoides W. Bartram ex Marshall >50% (other species listed in FF category at <50%).

Floodplain forest Acer saccharinum L., Populus deltoides W. Bartram ex Marshall, Salix nigra Marshall, Betula 
nigra L., Ulmus americana L.

Salix community Salix nigra Marshall, Salix interior Rowlee.

Shrub/scrub Amorpha fruticosa L., Rhus hirta L. (Sudworth), Rhus glabra L., Lonicera tatarica L., Lonicera 
morrowii A. Gray, Elaeagnus umbellata Thunb. 

Wet meadow shrub Salix interior Rowlee, Amorpha fruticosa L., Cornus amomum Mill., Cornus sericea L., S. nigra 
L, Sambucus racemosa L.

Wet meadow
Phalaris arundinacea L., Leersia oryzoides (L.) Sw., Spartina pectinata Bosc ex Link, Panicum 

virgatum L., Lycopus americanus Muhl. ex W.P.C. Barton, Vernonia fasciculate Michx., Soli-
dago canadensis L., Solidago gigantean Aiton, Asclepias incarnate L.

Grassland Bromus inermis Leyss., Phleum prantense L., Poa pratensis L.,  Andropogon gerardii Vitman,  
Panicum virgatum L., Schizachyrium scoparium (Michx.) Nash, Sorghastrum nutans (L.) Nash.

Shallow marsh

 Cephalanthus occidentalis L., Decodon verticillatus (L.) Elliott, Salix interior Rowlee, Cornus 
amomum Mill., Scirpus fluviatilis , Phragmites australis (Cav.) Trin. ex Steud., Polygonum 
amphibium L., Lythrum salicaria L., Echinochloa crus-galli (L.) P. Beauv., Echinochloa muri-
cata (P. Beauv.) Fernald, Bidens frondosa L., Bidens cernua L., Cyperus odoratus L., Xanthium 
strumarium L., Polygonum pensylvanicum L., Eleocharis obtusa (Willd.) Schult.

Table 7. Correlation coefficients quantifying associations between the area (hectare per river mile) in different floodplain functional 
classes in navigation pools of the Upper Mississippi River System and the area (hectare per river mile) in different floodplain vegetation 
types in navigation pools of the Upper Mississippi River System. 

[>, greater than]

Conifers Grassland

0 0.41 0.25 0.48 0.40 0.38 0.34 –0.27 –0.36 0.07 0.09 0.02 0.13 –0.04
10 0.00 0.02 0.07 0.39 0.20 0.47 0.09 0.33 0.12 0.32 0.12 0.48 0.04
20 –0.11 0.01 –0.05 –0.11 –0.13 –0.11 0.37 0.75 0.18 0.14 0.13 0.34 0.15
30 –0.18 –0.01 –0.02 –0.21 –0.22 –0.11 0.56 0.78 0.35 0.23 0.14 0.47 0.21
40 –0.21 –0.05 –0.06 –0.25 –0.26 –0.12 0.60 0.79 0.45 0.33 0.27 0.55 0.36
50 –0.14 –0.03 –0.20 –0.19 –0.16 –0.09 0.51 0.64 0.44 0.43 0.59 0.55 0.58
60 –0.12 –0.04 –0.27 –0.10 –0.08 –0.04 0.40 0.48 0.31 0.32 0.64 0.45 0.59
70 –0.02 –0.01 –0.38 –0.08 –0.06 –0.02 –0.07 0.25 0.02 0.20 0.73 0.27 0.57
80 0.05 0.01 –0.42 –0.07 –0.08 0.01 –0.12 0.22 –0.03 0.21 0.62 0.27 0.45
90 0.12 0.01 –0.38 –0.04 –0.03 –0.04 –0.12 0.28 –0.04 0.15 0.29 0.21 0.40

100 0.20 0.01 0.01 0.01 0.03 0.01 0.01 0.35 0.05 0.25 0.08 0.29 –0.08
>100 0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.34 0.01 0.24 –0.02 0.22 –0.18

Floodplain 
functional

class

Upland 
forest

Lowland 
forest

Shrub/
scrub

Sedge
meadow

Populus 
community

Flood-
plain 
forest

Wet
meadow

shrub

Wet
meadow

Salix
community

Shallow
marsh

Sand/
mud



3. Indicators of Ecosystem Structure and Function  39

DeJager_fig 21

1989

2000

2010

Navigation pool

p03 p05
p05

a
p06 p07 p08 p09 p11 p12 p13 p14 p15 p16 p17 p18 p19 p20 p21 p22 p24 p25 p26 or1 or2 dre mar sta peo lag alt

p04 p10

Si
m

ps
on

’s 
di

ve
rs

ity
 in

de
x

He
ct

ar
es

  p
er

 ri
ve

r m
ile

600

400

200

0

1000

800

2000

1989

2010

1200

600

400

200

0

1000

800

1200

600

400

200

0

1000

800

1200

p03 p05
p05

a
p06 p07 p08 p09 p11 p12 p13 p14 p15 p16 p17 p18 p19 p20 p21 p22 p24 p25 p26 or1 or2 dre mar sta peo lag alt

p04 p10

0.4

0.8

0.6

1.0

0.2?

Upland forest

Conifers

Lowland forest

Populus community

Floodplain forest

Salix community

Shrub/scrub

Wet meadow shrub

Wet meadow

Grassland

Sedge meadow

Shallow marsh

Sand/mud

Total floodplain area

EXPLANATION

EXPLANATION

Figure 21. Simpson’s diversity (top panel) and the area (hectare per linear river mile) of different floodplain vegetation classes 
within the navigation pools of the UMRS for 1989, 2000, and 2010 (progressively lower panels). Also shown is the total floodplain 
area in the background of the lower three panels. 
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3.3 Controlling Variables

Strong controlling variables help maintain the underlying 
structure of a system; however, the system may change rapidly 
if controlling variables cross critical thresholds or approach 
close enough to critical thresholds that an environmental or 
anthropogenic disturbance moves the system over the thresh-
old (Biggs and others, 2012). Flow and sediment regimes are 
examples of controlling variables in river systems that strongly 
interact with vegetation to influence channel morphology, 
hydraulics, and related habitat features. We included water-
surface elevation fluctuations as an indicator of flow regime 
and TSS concentrations as an indicator of sediment regimes 
and water clarity because TSS and water level fluctuations 
are important in feedback loops with aquatic vegetation, as 
described in sections 3.3.1 and 3.3.2. 

3.3.1 Water-Surface Elevation Fluctuations

Brief Methods 
Water-surface elevation fluctuations characterize the effects 
of locks and dams on the UMRS flow regime and how locks 
and dams impact processes and communities that respond to 
water-level variability (such as denitrification in the near-shore 
environment and emergent and submersed plant communi-
ties). Daily water-surface elevation data were compiled from 
USACE (http://rivergages.mvr.usace.army.mil/WaterControl/
new/layout.cfm) for all tailwater and pool gages within the 
navigation pools of the UMR and from U.S. Geological 
Survey gages (https://waterdata.usgs.gov/nwis/) with both 
contemporary and prelock and dam stage data. For each 
year between 1985 and 2015, the minimum water-surface 
elevation was subtracted from the maximum water-surface 
elevation during the growing season (April 1 through Sep-
tember 30). Annual calculations of maximum water-surface 
elevation change during the growing season were averaged 
across the period. Maximum growing season water-surface 
elevation change was also calculated and averaged for U.S. 
Geological Survey gages with prelock and dam water-surface 
elevation data for years 1900–1930 (except the Winona, Min-
nesota, gage, which was calculated for years 1878–1902 and 
1928–1935 because of lack of data between 1902 and 1928). 
Between gages with historical data, the mean annual maxi-
mum growing season water-surface elevation change was 
linearly interpolated using data from the two closest gages.  
The difference between prelock and dam and current water-
surface elevation fluctuations represents increased (+) or 
decreased (-) seasonal fluctuations because of river manage-
ment changes (fig. 22). 

Brief Results and Discussion
Mean annual maximum growing season water-surface 

elevation fluctuations for the pool gages on the UMRS tended 
to increase from upriver to downriver on the UMR, indicat-
ing the navigation pools in the lower portion of the UMR 
exhibit water-level variability more similar to prelock and 
dam conditions (fig. 22). However, all pool gages on the UMR 
display less variability than prelock and dam conditions. 
Minor differences were observed between the early period of 
record (~1989 period) and the later period (~2010 period), 
with higher variability in water-surface elevation fluctua-
tions observed more recently. Limited data were available 
for the gages on the Illinois River, but for those where data 
were available, the gages on the lag and peo navigation pools 
showed higher variability in water-level fluctuations than 
observed for the prelock and dam condition (fig. 22). 

Some tailwater dams in the far northern portion of the 
UMRS (navigation pools 5–8 and 15) also show less variabil-
ity in water-surface elevation than prelock and dam conditions 
(fig. 23). For the remaining navigation pools on the UMR, 
water levels were similar to prelock and dam conditions, with 
levels slightly more (~2010 period) or less (~1989 period) 
variable. Overall, most tailwater gages exhibit a similar 
degree of variability in water-surface elevation fluctuations 
as occurred prelock and dam. For these navigation pools, 
the effects of the downriver dams on water-surface elevation 
fluctuations do not appear to extend to the length of the navi-
gation pool to the upriver dam. In the Illinois River and the 
open river reaches (or1 and or2) on the UMR, water-surface 
elevation fluctuations have increased greatly from prelock and 
dam conditions (fig. 23), reflecting a combination of increased 
magnitude and variability in river discharge due to watershed 
land use and the effects of levees and river training structures 
on river stage (Sparks and others, 1998; Huizinga, 2009; Wat-
son and others, 2013). 

Seasonal water-level patterns have been altered by per-
manently inundating and, thereby, reducing the range of water-
level variation directly upriver of lock and dam structures 
(Sparks and others, 1998). Inundation duration and frequency 
strongly influences the composition and age structure of flood-
plain plant communities (De Jager, 2012; De Jager and others, 
2015a) and strongly influences the establishment of emergent 
vegetation and moist-soil plants (Sparks and others, 1998). On 
the other hand, stable water levels tend to support submersed 
aquatic vegetation, helping to explain the correspondence 
between reduced water-level variability and high amounts of 
submersed vegetation in the upper portions of the UMR (see 
section 3.2.2 Aquatic Vegetation Diversity). In areas adversely 
affected by reduced water-level variations, management 

http://rivergages.mvr.usace.army.mil/WaterControl/new/layout.cfm
http://rivergages.mvr.usace.army.mil/WaterControl/new/layout.cfm
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actions such as water level drawdowns or restoration projects 
that alter floodplain elevation may influence vegetation com-
munities. In the unimpounded (open river) reaches, growing 
season water-level variations have greatly increased, likely 
a result of changes in channel morphology and basin-wide 
runoff patterns. Though management actions likely will not 
influence stage variation in this reach, water-level fluctuations 
may influence the effectiveness of restoration actions.

The change in seasonal water-level fluctuations owing to 
the completion of the locks and dams was a relatively rapid 
step-change in seasonal ranges of river stage as well as short-
term variation in water-level elevation. Many decades later, 
the system continues to adapt to the change in water level, as 
exemplified by the long-term accumulation of sediment in off-
channel areas and ongoing erosion of islands in the impounded 
areas of some pools. In addition, the short-term variation in 
water levels associated with maintaining adequate depth in the 
navigation channel likely affects the distribution and abun-
dance of aquatic and floodplain vegetation. 

3.3.2 Total Suspended Solids Concentrations

Brief Methods 
TSS concentrations provide important information regarding 
water clarity and feedbacks that occur between TSS and a 
suite of biological and biogeochemical processes. TSS concen-
trations also show the important link between the combined 
effects of watershed land use and climate (which ultimately 
determine TSS inputs) and in-river conditions of water clarity 
and vegetation distribution and abundance (Madsen and oth-
ers, 2001). Variation in TSS concentrations occur at a wide 
range of temporal scales from hours or days (in response to 
short-term storm-run off events); years (in response to fluc-
tuations in aquatic vegetation); and decades or centuries (in 
response to changes in land use). USACE transparency data 
collected at lock and dams were converted to TSS concentra-
tions (using equations from Giblin and others [2010] estab-
lished in pools 8 and 13) and combined with LTRM fixed 
sites that collect TSS to visualize longitudinal TSS patterns. 
In addition, TSS data from LTRM stratified random sampling 
was used to illustrate broad-scale changes in TSS between 
1994–2001 and 2007–14. The LTRM TSS data are available 
online (see table 3 for link) and Soballe and Fischer (2004) 
describe the sampling design, data collection methods, and 
laboratory analysis. For navigation pools with overlapping 
data (both LTRM and USACE) the two datasets were highly 
correlated with each other (R=0.96).

Brief Results and Discussion
TSS concentrations were highest upriver from Lake 

Pepin in the northern UMRS (upriver of pool 4). Lowest 
concentrations were observed immediately downriver from 
Lake Pepin because the lake acts as a natural settling basin 
and retains much of the sediment input from upriver sources 
(Maurer and others, 1995). Downriver of Lake Pepin, TSS 
increases steadily (Houser and others, 2010; fig. 24). TSS 
concentrations tend to be highest in the open river reaches of 
the UMR. However, differences in TSS have been observed in 
some navigation pools through time. The early period (1994–
2001) of LTRM sampling showed higher TSS concentrations 
in the main channel of the northern navigation pools (4 and 
8) and for the open river reach (lower panel in fig. 24) than 
the later period (2007–2014). Although minor in comparison 
to the large longitudinal differences in TSS across the system, 
the improvements in water clarity may be important for the 
distribution of vegetation in some of these reaches (see section 
3.2.2 Aquatic Vegetation Diversity). 

TSS affect water clarity, which is an important driver 
of the distribution and abundance of aquatic vegetation that 
provide habitat and food for fish and waterfowl (Korschgen 
and others, 1988). Increased TSS (and associated increased 
rates of sedimentation) can also directly affect macroinver-
tebrate and fish communities (Wood and Armitage, 1997). 
Changes in aquatic vegetation abundance and fish community 
in pools 4 and 8 have been attributed to long-term declines in 
TSS concentrations (Popp and others, 2014; Giblin, 2017). In 
aquatic ecosystems, short-term variability of TSS concentra-
tions is generally driven by precipitation patterns across the 
basin and, in off-channel areas (impoundments and backwater 
lakes), by wind and wave resuspension (Forsberg and others, 
2017). Long-term TSS trends are likely driven by watershed 
derived changes in inputs (Allan and others, 1997). Over 
shorter temporal and spatial scales, the interaction between 
TSS and vegetation is likely important (Madsen and others, 
2001). Because TSS variability is caused by multiple drivers 
at different scales, management of TSS can take numerous 
forms. At the basin scale, best management practices across 
the landscape can be used to reduce suspended sediment 
inputs. Within the UMRR Program, management actions have 
included island construction in impounded areas to reduce 
wind-induced turbidity. Water-level management has also 
been used to reduce water levels to support sediment compac-
tion and vegetation growth. Once vegetation is established, 
it encourages the deposition of sediment by locally reducing 
flow and allowing suspended materials to settle, subsequently 
improving water clarity and promoting further aquatic vegeta-
tion establishment and persistence. 
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Figure 22. Mean annual maximum growing season water-surface elevation fluctuations for pool gages on the Upper Mississippi 
River System for two periods (1985–94 and 2006–15) to match the other 1989 and 2010 datasets included in this report, along with 
estimated prelock and dam fluctuations (red line in lower panel). The map and colors represent the departure from prelock and dam 
conditions, with the dammed navigation pools typically having less variability (negative values) in water-surface elevation fluctuations 
than during prelock and dam conditions. Navigation pools referred to as “Unlm” are gages located within the unimpounded reach of 
the river south of St. Louis. The number following “Unlm” is the river mile at which the gage is located.
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Figure 23. Mean annual maximum growing season water-surface elevation fluctuations for tailwater gages on the Upper Mississippi 
River System during 1985–94 and during 2006–15, along with estimated prelock and dam fluctuations (red line in the lower panel). The 
map and colors represent the departure from prelock and dam conditions, with the lower river reaches typically having more variability 
(positive values) in water-surface elevation fluctuations than during prelock and dam conditions and values closer to prelock and dam 
conditions. Navigation pools referred to as “Unlm” are gages located within the unimpounded reach of the river south of St. Louis. The 
number following “Unlm” is the river mile at which the gage is located.
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Figure 24. Total suspended solids concentrations collected at select dams on the Upper Mississippi River System (top panel) and in 
the main channel in select navigation pools of the Upper Mississippi River System sampled by the Upper Mississippi River Restoration 
Long Term Resource Monitoring (bottom panel). Shown on the lower panel are five reaches of the Upper Mississippi River (pool 4 [p04] 
through the open river reach [or]) and one reach of the Illinois River (lag). 
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3.4. Slow Processes

We included two indicators that reflect processes that 
occur across broad spatial and long temporal scales: sedimen-
tation in off-channel areas and floodplain forest succession. In 
both cases, observed slow changes during a few decades may 
underestimate potential future changes if critical thresholds 
exist that have not yet been reached. For example, though 
sedimentation may result in the loss of depth in off-channel 
areas, the observed accumulation of sediments may have not 
yet resulted in a fundamental shift in the lentic area distribu-
tion (such as from deep lentic areas supporting fish habitat to 
shallow lentic areas supporting waterfowl habitat). However, 
if projected into the future, observed accumulation rates may 
cross such critical thresholds and result in large-scale shifts 
in lentic functional classes abundance. Similarly, observed 
changes in floodplain forests may appear relatively minor 
if most tree cohorts have yet to reach their longevity. If the 
current species-age distributions are projected into the future, 
along with successional dynamics (such as species establish-
ment, recruitment, and competition among new species), it 
is possible for large-scale changes to take place in the area, 
composition, and structure of floodplain forests.

3.4.1 Sedimentation in Off-Channel Areas

Brief Methods
Sedimentation in off-channel habitats of the UMRS was fore-
casted using a model (appendix 3) based on general sedimen-
tation rates patterns derived from data attained by repeated 
surveys of bed elevation between 1997 and 2017 along lentic 
area transects in navigation pools 4 and 8 (Rogala and others, 
2003; James T. Rogala written comm., 2017) The model-
ing objective was to forecast loss of deeper (> 0.5 m) lentic 
habitats as they were converted to shallow lentic habitats (as 
defined in table 5) by the accumulation of sediment. Other 
lentic classes defined by depth (such as lentic depression 
lakes) were omitted from this assessment because sediment 
accumulation and erosion within such lakes vary greatly in 
time and space and cannot be reasonably predicted with the 
mean rates of accumulation we use in this report. We also 
estimated the expected future total area with depth greater 
than 0.5 and 1.0 m for each pool. Such forecasts of potential 
changes in functional classes can be used to inform manage-
ment and restoration decisions for maintaining off-channel 
deep water habitats.

There were no strong relations between examined back-
water characteristics (such as size high/low connectivity) or 
sampling site characteristics (such as depth) and measured 
sedimentation rates. This precluded developing a model for 
backwater and site-specific sedimentation rates that could be 
used to extrapolate measurements to larger scales. Instead, the 
model was based on mean sedimentation rates for each of 24 
transects found in the 20-year period from 1997 through 2017. 

The model selected sedimentation rates for each deep backwa-
ter lake randomly from this set of 24 transects to forecast con-
ditions in 50 years. Results of this method can only appropri-
ately be applied at the pool scale because forecasts of change 
in individual lakes is random. More details on the model, and 
how it was derived and deployed, are included in appendix 3.

Brief Results and Discussion 
The results of the model yielded 50-year forecasts of the 

total area in each pool of two lentic functional classes (shal-
low lentic and deep lentic; fig. 25). The shallow lentic class is 
defined as lakes with less than 30 percent of the lake’s perim-
eter being channel and less than 20 percent of its total area 
being less than 0.5 m deep. The deep lentic class is defined as 
lakes with less than 30 percent of the lake’s perimeter being 
channel and greater than 1.0 hectares of area greater than 
1.0 m deep. Similar forecasts were made for two depth classes 
(> 0.5 m and > 1.0 m; fig. 26). These functional class and 
depth class criteria were based on expert opinion from a team 
of UMRR Program resource managers. Figures 25 and 26 
illustrate forecasts of loss or gain in the selected classes during 
the next 50 years. Note that present conditions differ from 
those in the diversity and redundancy section of this report, 
because the large lentic with flow class (impounded areas) 
was not included in the results shown in figures 25 and 26. 
For functional classes in figure 26, the increase in the shallow 
lentic class is much larger than the decrease in the deep lentic 
class. Most of the functional class differences are because of 
how classes are defined whereby lakes, although accreting 
sediment, still maintained enough deep area to meet the crite-
ria for that class. The changes in the area of deep water (>1 m) 
in figure 26 (lower panel) captures the raw change in water 
depths that is not reflected in the functional classes. The loss 
of area in both depth classes (> 0.5 m and > 1.0 m) is often 
large during the 50-year period, and the loss nears or exceeds 
50 percent in some pools (fig. 26).

The survey data used to estimate the distribution of 
sedimentation rates across the UMRS was collected only in 
pools 4 and 8 in the uppermost reach of the UMRS. Data from 
past surveys in pool 13 suggest higher rates than those in pools 
4 and 8 during a 1997–2001 study period (Rogala and others, 
2003), and higher rates were also found in lag during a 1991–
2001 study period (James T. Rogala and others, written com-
munication). Whether that spatial pattern exists in the recent 
20-year sedimentation rates is unknown. The historical pattern 
suggests that actual losses of depth in the lower reaches may 
be greater than what is presented in this report. In addition 
to sedimentation rates, the assumption of limited transitions 
from aquatic to terrestrial may also not apply across the entire 
system. Also of note is that we are only looking at the loss of 
backwater habitats from the existing conditions. Many of the 
deeper backwaters habitats that existed after impoundment 
have already been lost. See appendix 3 for additional discus-
sion of model assumptions, limitations, and interpretation. 
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Figure 25. Present (dark blue) and simulated future (light blue) area per linear river mile of lentic area in the shallow (upper 
panel) and deep (lower panel) functional classes. Note that these area estimates exclude large lentic areas with flow (for example, 
impounded areas).



3. Indicators of Ecosystem Structure and Function  47

mad18-1810_fig26

Present conditions

Future conditions

Area greater than 0.5 mile

EXPLANATION

Present conditions

Future conditions

Area greater than 1.0 mile

EXPLANATION

p0
3

p0
4

p0
5

p5
a

p0
6

p0
7

p0
8

p0
9

p1
0

p1
1

p1
2

p1
3

p1
4

p1
5

p1
6

p1
7

p1
8

p1
9

p2
0

p2
1

p2
2

p2
4

p2
5

p2
6

or
1

or
2

dr
e

m
ar st
a

pe
o

la
g al
t

120

100

80

60

40

20

0

0

20

40

60

80

A
re

a,
 in

 h
ec

ta
re

s 
pe

r r
iv

er
 m

ile

Navigation pool

100

140

Figure 26. Present (dark blue) and simulated future (light blue) area per linear river mile of lentic area greater than 0.5 mile (upper 
panel) and greater than 1.0 mile (lower panel). Note that these area estimates exclude large lentic areas with flow (for example, 
impounded areas).
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3.4.2 Floodplain Forest Succession

Brief Methods 
Patterns of forest succession in floodplains are diffi-

cult to predict given the stochastic nature of flooding and its 
importance in shaping different aspects of plant community 
dynamics (such as germination, recruitment, competition, and 
survival). Consequently, many research efforts are aimed at 
improving our empirical understanding of the various ways 
flooding impacts plant communities. Though such studies pro-
vide valuable information about which species may perform 
better than others during flooded conditions (flood tolerance), 
it is often unclear how empirical relations between flood inun-
dation and tree survival ultimately impact succession across 
large landscapes subject to spatial and temporal variability 
in flooding, especially in ecosystems that have undergone 
changes to their hydrological regime. One way to evaluate 
long-term and large-scale patterns of forest succession in such 
spatially and temporally dynamic landscapes is to use spatially 
explicit simulation models (Xi and others, 2009). 

We adapted a widely used forest landscape model 
(LANDIS–II) to simulate forest succession in the UMRS 
in the context of annual spatial variability in flood inunda-
tion and the effects of an exotic invasive wood-boring insect 
(Agrilus planipennis [emerald ash borer; EAB]). LANDIS–II 
is a process-based, spatially explicit model that represents 
forest generative processes (such as dispersal, growth, 
and competition) as well as forest degenerative processes 
(such as senescence and disturbance) at broad spatial 
scales (>1,000 hectare) and long temporal scales (centuries) 
(Mladenoff and others, 1993; Mladenoff and He, 1999). In par-
ticular, we used the Biomass Succession LANDIS–II exten-
sion (Scheller and Mladenoff, 2004) to represent the processes 
of establishment, growth, competition, and senescence as they 
affect and are affected by the biomass of tree-species cohorts 
(See appendix 4 for details). 

The initial forest landscape consisted of four forest types 
delineated by aerial photo interpretation: floodplain forest, 
lowland forest, Populus community, and Salix community. 
These forest types were represented in section 3.2.4 (Flood-
plain Vegetation Diversity). For modelling purposes, the flood-
plain forest-community type included silver maple (Acer sac-
charinum L.); American elm (Ulmus americana L.); green ash 
(Fraxinus pennsylvanica Marshall); river birch (Betula nigra 
L.); boxelder (A. negundo L.); American sycamore (Plata-
nus occidentalis L.); and swamp white oak (Quercus bicolor 
Willd.). The lowland forest community type included north-
ern red oak (Q. rubra L.); bur oak (Q. macrocarpa Michx.); 
swamp white oak (Q. bicolor Willd.); common hackberry 
(Celtis occidentalis L.); bitternut hickory (Carya cordiformis 
[Wangenh.] K. Koch); and shellbark hickory (C. laciniosa 
[Michx. f.] G. Don). Swamp white oak is often a component 
of both floodplain and lowland forest communities in the 
UMR and is therefore included in both forest types. The Popu-
lus community consisted of eastern cottonwood (P. deltoides 

W. Bartram ex Marshall). Finally, the Salix community 
primarily consisted of sandbar willow (S. interior Rowlee) 
and (or) black willow (S. nigra Marshall) but may also contain 
other Salix species. To estimate the species composition and 
age structure of these forest types, we randomly imputed 
plot-level forestry data collected by the USACE for plots that 
had a species composition that matched those found within the 
four forest types. We further developed regression equations 
to derive age from the diameter of measured trees. Finally, 
we empirically developed species-specific growth equations 
to simulate changes in the biomass of species-age cohorts 
within the Biomass Succession extension (see appendix 4 for 
complete details for these methods). These methods were used 
to assemble datasets for the current distribution of species-age 
cohorts on the landscape, as well as species-specific growth 
parameters, for all navigation pools of the UMRS, except for 
the four uppermost pools of the Illinois River where no for-
estry data were collected. 

In addition to simulating changes in forests due to 
processes such as establishment, growth, competition, and 
senescence within the Biomass Succession extension, we 
also simulated the effects of two disturbances on species-age 
cohort survival. We simulated spatial and temporal patterns in 
flooding using a newly developed surface-water connectivity 
model (see appendix 2 for details). We simulated a 100-year 
business-as-usual scenario by utilizing annual maps of total 
flood inundation duration during the growing season for each 
of the past 40 years (1972–2011). These maps were then 
recycled for years 41–80, and the first 20 years were again 
recycled for years 81–100 to simulate a possible 100-year sce-
nario. These maps were used to represent spatial variability in 
flooding at the scale of 30 m pixels (approximately the size of 
forest plot data used to generate initial forest conditions) and 
temporal variability in flooding at an annual time step. Within 
the model, species-age cohort mortality was probabilistic. 
Mortality depended on both the annual duration of flooding 
that occurred within a pixel and the flood tolerance of the spe-
cies-age cohorts present within that pixel. We used empirical 
data to parameterize species-age cohort flood tolerance using 
methods outlined in appendix 4. We also simulated effects of 
an introduced insect, EAB, on the survival of ash species (see 
appendix 4 for details) because green ash is among the most 
abundant tree species in the UMRS (De Jager and others, 
2012). Previous research indicates that all size classes of ash 
are hosts for EAB and infested trees are killed within a decade 
(Siegert and others, 2014). Across the Midwestern United 
States, EAB outbreaks have been responsible for the deaths of 
millions of ash trees since its arrival in 2002, and it is antici-
pated that EAB will persist in UMRS forests into the future, 
limiting the recruitment of ash species. 

Because it is not possible to fully validate results from 
simulation models for future periods, such models are most 
appropriately used to project most-likely future changes under 
different scenarios. However, to support decision making 
within the UMRR Program, we focused attention on a single 
most probable future scenario to help management agencies 
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better understand potential pathways of forest succession in 
this system. This scenario included EAB outbreaks and spatial 
and temporal flooding patterns similar to those observed dur-
ing the past 40 years. We specifically addressed the follow-
ing two questions: (1) how might the abundance and spatial 
distribution of the four forest types change during the next 50 
and 100 years, and (2) are there specific floodplain functional 
classes (for example, long-term average inundation duration 
zones; see section 3.2.3 Floodplain Functional Classes) where 
forests of a given type fail to regenerate under simulated future 
conditions? 

Brief Results and Discussion

The area classified as Salix community increased in some 
navigation pools (such as 3, 4, 10–14, 17–19, 21–26) stayed 
relatively similar in others (5A–7, 15, and lag), and declined in 
others navigation pools (such as 5, 8, 9, 16, 20, or1, or2, and 
alt) through a 100-year period (fig. 27). Across all navigation 
pools, decreases in Salix communities occurred in areas sub-
jected to short flood durations (floodplain functional classes 
0–20; fig. 28). These same floodplain functional classes 
showed no net change in total forest area, suggesting that the 
loss of Salix communities in these areas resulted from transi-
tions to other community types (such as lowland or floodplain 
forests). In contrast, increases in Salix communities occurred 
in areas subject to longer flood durations (floodplain functional 
classes 30–70; fig. 28) and between the years 50 and 100. 
Given the relatively short lifespan of Salix species (~70 years), 
these dynamics indicate that the increase in the area in Salix 
communities resulted from the establishment of new cohorts 
in areas formerly classified as other forest types. These new 
Salix communities could have resulted from the loss of 
Populus communities or floodplain forests in areas subject to 
long flood durations, given that Salix has a greater flood toler-
ance (see appendix 4) than the species in these other classes. 
Or, the increase in Salix communities could have resulted from 
the loss of floodplain forests because of the EAB and green 
ash loss. However, for a given site to undergo transition from 
one forest type to a Salix community, nearly all cohorts at a 
site would need to be absent as Salix species are shade intoler-
ant (See appendix 4). Hence, the observed transitions toward 
Salix communities are dependent on other herbaceous invasive 
species (such as P. arundinacea [reed canarygrass] or Humu-
lus japonicas [Japanese hops]), which were not modeled in 
this study, not first colonizing sites where forest was lost due 
to flooding or EAB. Nevertheless, the pool-by-pool differences 
suggest that there may be complex interactions among flood 
duration, existing forest stand conditions, and the shade and 
flood tolerance of Salix species that drive local differences in 
Salix community dynamics.

Similar to Salix communities, Populus communities 
are considered to be an early successional shade-intolerant 
floodplain community. However, in contrast to Salix com-
munities, Populus communities exhibited a strong decline in 
forest area in most navigation pools (fig. 27), with navigation 

pools 14, 17, 18, and 26 the exceptions. The loss of Populus 
communities was most pronounced in floodplain functional 
classes 0–30, where these communities were initially the most 
abundant. As for Salix communities, these changes were likely 
driven by transition to lowland or floodplain forests as no net 
loss of forest cover was observed in these areas. 

In contrast to the early successional forest types, lowland 
forests include a range of species that have long lifespans 
(often >200 years; see appendix 4). Lowland forests distribu-
tions are projected to expand in every UMRS navigation pool 
during the next 50 and 100 years (fig. 27), with the largest 
expansions occurring in areas typically experiencing shorter 
flood durations (for example, in floodplain functional classes 
with long-term average inundation durations <30 days per 
growing season; fig. 28). These changes can help explain the 
loss of the other three community types in higher elevation 
areas, where shorter-lived Salix, Populus, and floodplain forest 
communities may include longer-lived and shade-tolerant spe-
cies from the lowland forest community in the midstory and 
understory. Consequently, these other three forest types are 
projected to transition toward the longer-lived lowland forest 
community type in areas with suitable flooding conditions 
through time. The loss of green ash as a component of the 
floodplain forest community because of EAB may also have 
aided the expansion of the lowland forest type. However, these 
transitions were generally restricted to higher elevation areas, 
given that the species found within lowland forests are gener-
ally less tolerant of flooding than the species in the other com-
munity types (See appendix 4 for flood tolerance equations). 

Though the previously outlined changes in Salix, Popu-
lus, and lowland forest types may be important for the animal 
species that utilize them, the forest types largely represent 
the process of natural forest succession. Furthermore, the 
area occupied by these forest types is very small relative to 
changes in the floodplain forest community, which is the most 
abundant forest type found in the UMRS by about an order of 
magnitude (fig. 27). During the first 50 years of model simula-
tions, many navigation pools showed an increase in the area 
classified as floodplain forest (such as 3-5a, 9, 21-25, OR1, 
OR2, lag and alt) (fig. 27), and these increases tended to occur 
across all floodplain functional classes (fig. 28). The 50-year 
increase in floodplain forest cover in these pools may help 
explain the loss of the early successional Salix and Populus 
communities, and suggests that other species within the flood-
plain forest community replaced green ash as it was lost from 
the forest canopy of existing floodplain forest stands. Silver 
maple has a relatively high tolerance to inundation (see appen-
dix 4) and often cooccurs with Salix and Populus species.  
It is likely that as willow and cottonwood stands reached their 
longevity, silver maple became the dominant overstory species 
by year 50. However, other navigation pools showed moder-
ate losses of floodplain forest cover during the next 50 years, 
which may help explain the increases in the lowland forest 
type in the model, as some floodplain forest stands transitioned 
toward the longer-lived lowland forest species. In these cases, 
the loss of green ash, due to EAB outbreaks, may have aided 
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this forest type transition. As we pointed out earlier, the expan-
sion of lowland forests was largely restricted to floodplain 
functional classes with short flood durations; thus, the loss of 
floodplain forest from low-lying areas likely reflects the loss 
of total forest cover. Over 100 years, the loss of floodplain for-
est cover appeared to account for a large proportion of the loss 
of total forest cover (fig. 27).

Nearly all navigation pools showed small losses in total 
forest cover during the next 50 years. These losses ranged 
between 0 and 2.8 percent of existing forest cover within 
navigation pools. Over 100 years, the range of forest loss 
was between 1 and 10 percent of exiting forest cover within 
navigation pools. The larger losses through 100 years indi-
cates a lack of forest regeneration in stands that currently have 
overstory species that are between 50 and 100 years of their 
maximum lifespan. Forest loss was restricted to floodplain 
functional classes with long flood durations (for example, in 
floodplain functional classes with long-term average inunda-
tion durations >30 days per growing season; fig. 28). These 
losses ranged from 4.5 percent of existing forest cover in 
the 30–40 day floodplain functional class to 24.2 percent of 
existing forest cover in the >60.1 day floodplain functional 
class. Hence, in areas subject to short inundation durations, 
the decline in one forest type was compensated for by an 
increase in another forest type, reflecting species replacement 
and forest succession. In areas with longer flood durations, 
the loss of Salix, Populus, and floodplain forest cover was not 
compensated for with an increase in any of the other forest 
types, reflecting the likely transition to more flood-tolerant 
herbaceous communities (such as wet meadow or shallow 
marsh). The circumstances surrounding the lack of recruitment 
to forest cover in these areas warrants additional investiga-
tion. However, our results suggest that total forest cover in 
the UMRS and the distribution of other competing vegetation 
types (see 3.2.4 Floodplain Vegetation Diversity) are likely not 
at equilibrium with the hydrological regime of the UMRS, and 
specific floodplain functional classes may be more likely to 
experience conversion from forest to nonforest area during the 
next 50 to 100 years. 

Overall, our results reflect multiple complex pathways of 
forest succession in the UMRS, including transition to non-
forest communities. These transitions depend on the current 
species and age-structure of forest stands, along with the toler-
ance of individual species-age cohorts to flood inundation, and 
the local flooding regime experienced by forest stands. Further 
examination of model outputs is needed to more fully identify 
how landscape positioning and forest stand conditions (species 
and age structure) interact to make one successional pathway 
more likely than others, especially in the context of EAB 
outbreaks. In addition, other factors, such as competition from 
invasive species (such as P. arundinacea [reed canarygrass,  
H. japonicus [Japanese hops], Sorghum halepense [L.] [John-
son grass]), were not included in our model simulations. Thus, 
our estimates of forest loss due to EAB and flood inundation 
in the UMRS may be conservative. 

3.5 Cross-Indicator Synthesis of Results

Brief Methods 
To synthesize the results of the individual indicators described 
in the previous section, we performed a hierarchical clus-
ter analysis based on indicators describing different aspects 
of connectivity, diversity and redundancy, and controlling 
variables for the year 2010. To characterize connectivity, we 
used the percentage of time gates were open, the area (hectare 
per linear river mile) in natural land cover, the area (hectare 
per linear river mile) in leveed area, and the area (hectare per 
linear river mile) in open water (see section 3.1 Connectivity 
for additional details). 

To characterize diversity and redundancy, we used two 
variables describing the composition of aquatic functional 
classes (AFC1 and AFC2), the diversity of floodplain func-
tional classes, the diversity of aquatic vegetation, and the 
diversity of floodplain vegetation. The two variables describ-
ing aquatic functional classes were derived from the same 
multivariate analysis performed in section 3.2.1 (Aquatic 
Areas and Functional Classes). We visualized the results of 
the hierarchical cluster analysis using MDS ordination. On 
the first axis of the multivariate biplot (MDS 1), AFC1 was 
positively correlated with all lentic functional classes (there-
fore, higher values of AFC1 indicate more lentic functional 
class area) and negatively correlated with the lotic functional 
classes (therefore, lower values of AFC1 indicate more 
lotic functional class area). On the second axis of the biplot 
(MDS 2), AFC2 was positively correlated with deep lentic 
areas (borrow pits, deep, and deep depression areas) as well 
as lentic low-connectivity areas and lotic structured and lotic 
structured with scour classes. Hence, higher values of AFC2 
indicate the presence of deep lentic areas with low connectiv-
ity and structured channels. AFC2 was negatively associated 
with lentic and lotic shallow areas (therefore, low values of 
AFC2 indicate the presence of shallow areas). For more details 
on diversity and redundancy metrics, see section 2.2 (Diversity 
and Redundancy). 

To characterize controlling variables, we used water-
surface elevation fluctuations at both pool and tailwater gages 
(in meters) and TSS concentrations (milligrams per liter). For 
more information on the indicators used to characterize slow 
variables and feedbacks, see section 3.3 (Controlling Vari-
ables). We rescaled all values so that they ranged between  
0 and 100 to facilitate comparison across indicators with dif-
ferent values. For all indicators with nonnegative values, we 
divided the value for each navigation pool by the value for the 
pool with the maximum value for a particular indicator. For 
indicators with both positive and negative values we first added 
the most negative value and then divided each value by the 
maximum. Given the data for all indicators identified previ-
ously, hierarchical cluster analysis was done to identify naviga-
tion pools that resemble each other and those pools which were 
significantly different from other groups of pools (p = 0.05). 
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Brief Results and Discussion
Hierarchical cluster analysis identified seven different 

groupings of navigation pools (fig. 29). The navigation pools 
within each group share similar characteristics with each other, 
and significantly differ from the navigation pools within other 
groups (P = 0.05). In the following sections, we identify some 
of the similarities and differences among the different groups 
and discuss how some of these characteristics may change 
during the next 50 to 100 years based on simulation modelling 
results. 

Upper Impounded Pools (P3–9, 13)
Navigation pools 3–9 and 13 (upper impounded pools) 

grouped together and, thus, shared similar characteristics (figs. 
29 and 30). The hydrology of the upper impounded pools is 
such that the dam gates are rarely open, creating a high degree 
of fragmentation in upriver-downriver connectivity, and water-
surface elevations at both pool and tailwater gages fluctu-
ate much less than they did historically. These stable water 
conditions, along with very low concentrations of TSS (clear 
water), and a very high abundance of lentic aquatic area make 
the upper impounded pools an ideal section of the UMRS for 
aquatic plant growth. These pools also contain the highest 
abundance of deep lentic functional classes. However, sedi-
mentation in off-channel areas is projected to have the largest 
impact on aquatic functional class distributions in the upper 
and middle impounded pools during the next 50 years. These 
changes include a loss of deep lentic area and an increase in 
shallow lentic area.

The upper impounded pools support an abundance of 
unleveed natural floodplain land cover (for example, high 
degrees of longitudinal floodplain and lateral river floodplain 
connectivity). In addition, these pools contain a diversity of 
floodplain functional classes and vegetation types. However, 
these pools also tend to support a relatively high abundance 
of long-duration floodplain functional classes (those that flood 
for more than 80 days). The presence of these longer-duration 
classes may explain the higher abundance of wet meadow and 
other nonforest communities in these pools as compared to 
the rest of the UMRS. The relatively higher abundance of wet 
meadows in these pools is a concern, because most of these 
meadows are dominated by a single invasive species known to 
suppress forest regeneration (reed canarygrass; De Jager and 
others, 2017). In addition, the longer-duration floodplain func-
tional classes were most susceptible to forest loss in our forest 
succession model, and this model did not include effects of 
invasive species. Thus, the upper impounded pools currently 
offer a diversity of aquatic and floodplain hydrogeomorphic 
areas but may also undergo a large degree of change during 
the next 50 to 100 years. 

Middle Impounded Pools (P10–12, 14, 16, 19)
Navigation pools 10–12, 14, 16, and 19 (middle 

impounded pools) grouped together (fig. 29). Like the upper 
impounded pools, the dam gates of the middle impounded 
pools are rarely open and water-surface elevations at both pool 
and tailwater gages fluctuate less than they did historically. 
However, unlike the upper impounded pools, aquatic func-
tional class distributions and aquatic vegetation abundance in 
the middle impounded pools tended to be more highly variable 
from one pool to the next (fig. 30). Nevertheless, the middle 
impounded pools are more similar to the upper impounded 
pools in these features than any other section of the UMRS. 
Furthermore, these pools showed future loss of deep and gain 
of shallow lentic classes during the next 50 years similar to the 
upper impounded pools. This indicates that sedimentation is 
likely to cause a shift toward shallower lentic areas. 

The middle impounded pools support less unleveed 
natural floodplain land cover than the upper impounded 
pools, but more than the other groups. The middle impounded 
pools contain a high diversity of floodplain functional classes 
(inundation zones), but the diversity of floodplain vegetation 
types was much lower than for the upper impounded pools. 
This result was largely driven by a reduction in the amount of 
lowland (oak-hickory) forest cover. In fact, these pools had 
the lowest abundance of lowland forest cover in the entire 
UMRS. Over the next 50 to 100 years, forecasted net changes 
in the abundance of forest types and total forest cover were 
similar to those of the rest of the system. Thus, the middle 
impounded pools offer a similar mix of ecological character-
istics as the upper impounded pools and may also undergo 
similar changes in lentic and floodplain areas as the upper 
impounded pools during the next 50 to 100 years. However, 
the middle impounded pools also share similarities with the 
lower impounded pools (see discussion in following sections). 

Pool 15
Navigation pool 15 did not group with any other naviga-

tion pools. The characteristics of pool 15 that make it unique 
from all other pool groups include a very small amount of 
natural land cover in the floodplain. Pool 15 includes a large 
urban area and is, therefore, the most heavily developed of all 
navigation pools. In addition, the aquatic functional classes 
offered by pool 15 differed from all other pool groups as it 
lacks nearly all aquatic functional classes, except for the lotic-
structured and lotic-shallow classes. 

Lower Impounded Pools (P17, 18, 20–26)
Navigation pools 17, 18 and 20–26 (lower impounded pools) 
grouped together (fig. 29) and contain much less lentic area, 
much more lotic area (negative AFCS 1), and much less deep 
lentic area than the upper and middle impounded pools. In 
addition, water-surface elevations fluctuate more in these pools 
than in the upper or middle impounded pools, TSS concentra-
tions increase significantly downriver from pool 19, and these 
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Label

Connectivity Diversity Slow variables and feedbacks

Longitudinal  
aquatic  

connectivity

Longitudinal  
floodplain  

connectivity

Lateral  
river- floodplain  

connectivity

Aquatic functional class 
composition

Aquatic 
vegetation 
diversity

Floodplain 
vegetation 
diversity

Floodplain 
functional 

class  
diversity

Water surface elevation 
fluctuations

Total 
suspended 

solids

Percent of 
time  

gates open

Natural area 
(hectare per 
river mile)

Leveed area 
(hectare per 
river mile)

Open water 
(hectare per 
river mile)

AFCS2 
(unitless)

AFCS2 
(unitless)

Simpson’s 
diversity index 

(unitless)

Simpson’s 
diversity index 

(unitless)

Simpson’s 
diversity index 

(unitless)

Tailwater 
fluctuations 

(meter)

Pool 
 fluctuations 

(meter)

Average TSS 
(milligram 
per liter)

Upper impounded pools 9.91 234.32 44.32 300.40 0.49 0.49 0.57 0.69 0.79 -0.24 -1.71 32.93

Middle impounded pools 11.22 125.58 60.46 212.32 -0.05 0.04 0.30 0.48 0.84 0.32 -1.78 44.80

Pool 15 7.15 26.57 44.74 137.32 -1.28 -0.82 0.03 0.73 0.60 -0.95 -2.17 38.26

Lower impounded pools 29.70 247.93 579.88 178.63 -0.76 0.03 0.07 0.68 0.82 0.84 -1.22 76.92

Open river reaches 100.00 189.40 420.60 115.63 -1.25 0.20 0.10 0.76 0.79 4.83 209.97

Upper Illinois pools 0.79 102.66 0.65 84.55 0.70 -0.81 0.20 0.76 0.32

Lower Illinois pools 40.81 193.73 283.23 146.86 1.20 -0.71 0.13 0.73 0.87 3.27 1.03 64.24

Base from U.S. Geological Survey digital data, 1:1,000,000, 2014 Universal Transverse Mercator, zone 15 North 
American Datum of 1983 
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Figure 29. Results of multivariate cluster analysis based on indicators describing different aspects of connectivity, diversity and 
redundancy, and slow variables and feedbacks (see text for details). Navigation pools are colored according to significant (P = 0.05) 
differences among pool groupings. Mean values of the indicators used in the analysis are provided in the table (lower panel) and 
characterize each group of pools. 
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pools contain little aquatic vegetation. Aquatic habitat condi-
tions in these pools were projected to change very little during 
the next 50 years given the general lack of lentic area near crit-
ical depth thresholds. Finally, this group was less fragmented 
in terms of upriver-downriver connectivity as compared with 
the upper and middle impounded pools upriver (for example, 
the gates are open more often), although there is much vari-
ability from one pool to the next, reflecting important pinch-
points within the reach (fig. 30). 

The relatively wide floodplain found in this area of the 
river system supports large areas of natural land cover but also 
has large areas behind levees. Hence, the degree of longi-
tudinal floodplain connectivity and lateral river floodplain 
connectivity found in this section of the UMRS is significantly 
less than would have been found under historical conditions, 
although results vary substantially among pools (fig. 30).  
In the areas that are currently in unleveed, natural land cover, a 
diversity of floodplain functional classes and vegetation types 
are found in these pools. In fact, these pools currently con-
tain the greatest amount of forest cover in early successional 
Populus communities; forest successional modelling indicated 
that many of these forest stands are projected to succeed to 
silver-maple dominated floodplain forests and (or) oak-hickory 
dominated lowland forests during the next 50 to 100 years. 

Open River Reaches (OR1 and OR2)
The open river reaches of the UMRS (OR1 and OR2) 

are unique in that they had the highest degree of longitudinal 
aquatic connectivity (they are undammed). These reaches 
complete a transition from more lentic hydrogeomorphic areas 
in the northern UMR to dominance by lotic conditions in the 
south. These reaches had the greatest abundance of structured 
channel area and had virtually no area meeting any of the 
lentic functional class criteria. Consequently, the aquatic areas 
within this reach are projected to change little during the next 
50 years. Also, unlike the reaches to the north, the open river 
reaches exhibited an increase, not decrease, in water-surface 
elevation fluctuations relative to prelock and dam conditions. 
This section of river also has TSS concentrations that were 
at least three times greater than anywhere else in the UMR, 
reflecting a much larger agricultural watershed contributing 
sediment. 

Similar to the lower impounded pools, the open river has 
a wide floodplain that supports both a large amount of natural 
area and a large amount of area behind levees. Thus, though 
it continues to support longitudinal floodplain connectivity in 
the form of natural vegetation cover, the amount of available 
natural land cover is just a fraction of what it was historically. 
Furthermore, the floodplain is laterally isolated from the river 
in these reaches because of levees. However, in the areas 
currently in natural land cover, the open river still supports a 
diversity of floodplain functional classes and vegetation types 
and tends to have a smaller area of long-duration floodplain 
functional classes prone to future forest loss than the dammed 
sections of the UMR. 

Upper Illinois Pools (Dresden (dre), Marseilles (mar), 
Starved Rock (sta))

The three uppermost navigation pools on the Illinois 
River (dre, mar, sta) shared similar characteristics and grouped 
together (fig. 29). These pools were characterized as having 
low longitudinal aquatic connectivity (dam gates are rarely 
open). The aquatic habitats of the upper Illinois pools were 
similar to those found in the lower Illinois pools (see follow-
ing section) and differed from the rest of the UMRS. These 
pools were characterized as having an abundance of shallow 
lentic area. The upper Illinois pools tended to support more 
diverse aquatic vegetation than the lower pools, but not as 
much diversity as found in the upper and middle impounded 
pools of the UMR. Finally, the upper Illinois pools were 
dominated by high-elevation floodplain functional classes and, 
therefore, had the lowest estimates of floodplain functional 
class diversity. In the areas that continue to support natural 
vegetation, these pools do have a diverse mix of floodplain 
vegetation types. 

Controlling variables and feedbacks were not quantified 
for current conditions in the upper Illinois River pools because 
of a lack of data. However, model projections for lentic deep 
and shallow areas showed no projected change during the next 
50 years because most lentic area in these pools is already 
shallow. 

Lower Illinois Pools (Peoria (peo), La Grange (laf),  
Alton (alt))

The three pools in the lower Illinois River (peo, lag, alt) 
grouped together (fig. 29). In these pools, both pool and 
tailwater gages showed an increase in water-surface eleva-
tion fluctuations as compared to prelock and dam conditions. 
These pools were very similar to the lower impounded pools 
in terms of connectivity. These pools support a moderate 
degree of longitudinal aquatic connectivity (gates are open 
about 30-50 percent of the time). As mentioned in the previ-
ous section, the aquatic areas of the lower Illinois pools were 
similar to the upper Illinois pools and different from the rest of 
the UMRS in that the Illinois River supports a large amount of 
shallow lentic area. Although the Illinois River pools contain 
geomorphic conditions that should be suitable for aquatic veg-
etation, aquatic vegetation is scarce. A likely explanation is the 
high TSS concentrations from the watershed, comparable to 
those found in the lower impounded pools of the UMR, which 
results in a poor light environment for vegetation growth. 
Relative to the upper impounded and middle impounded navi-
gation pools, the abundance of deep and shallow lentic area in 
the lower Illinois River were projected to change little during 
the next 50 years because most lentic area is already shallow.

Unlike the three upper pools of the Illinois River, the 
lower three pools maintain moderate amounts of natural 
floodplain land cover and support relatively high estimates 
of floodplain functional class and vegetation diversity within 
these areas (fig. 29). Finally, changes in forest communities 
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of the Illinois River were projected to be somewhat similar 
to other areas within the UMRS. Although, the initial amount 
of Salix communities tended to be much higher in the Peoria 
(peo) pool than any other UMRS navigation pool, and these 
communities either were projected to be lost to nonwoody 
communities or to other forest types. 

4. Implications
In this report we have introduced new geospatial datasets 

and used them to develop a series of indicators that quantify 
general aspects of the structure and function of the Upper 
Mississippi River System (UMRS). These indicators reflect a 
history of navigation and other anthropogenic impacts to the 
river system and provide important contextual information 
about the distribution of potential habitat conditions for a wide 
range of species. Each indicator was developed to represent 
previously stated management objectives for the UMRS 
(U.S Army Corps of Engineers, 2011). As a result, the Upper 
Mississippi River Restoration (UMRR) Program now has an 
opportunity to use system-wide quantitative information to 
set management and restoration goals at multiple scales. To 
help the UMRR Program most effectively use the information 
contained in the newly developed datasets and in this report, 
we highlight a few of the implications of our approach in the 
remainder of this section.

First, the datasets that we developed or otherwise assem-
bled contain much more information than could be summa-
rized for this report. For example, the new aquatic areas GIS 
coverage contains at least 50 different patch-level attributes 
that could be used in subsequent species- and community-level 
habitat modelling efforts or in developing a better understand-
ing of spatial and temporal patterns in various ecosystem 
functions (such as nutrient cycling or trophic interactions). 
Our efforts to develop the first system-wide flood inundation 
model for the UMRS provides researchers and managers the 
ability to export flood-depth maps for any day during the past 
40 years and to export maps that summarize additional flood 
metrics (such as frequency, duration, and timing) through any 
time interval (weeks to decades). Such efforts should greatly 
improve our ability to understand and predict patterns of 
floodplain sedimentation, nutrient cycling, and plant commu-
nity dynamics, as well as how different aquatic communities 
use the UMRS floodplain during inundation events. 

However, these datasets also have some limitations, 
particularly when used at increasingly finer spatial scales. 
Both the aquatic and floodplain areas datasets rely on the same 
nondynamic topo-bathymetric dataset. This means that any 
changes in land surface elevation occurring after these datasets 
were developed will not be captured by our mapping efforts 
and could result in differences at local scales. In addition, the 
different bathymetric surveys and lidar data collection efforts 
have varying levels of vertical accuracy, which also creates 
the possibility for local differences between our maps and 

observed conditions. For this reason, our datasets are probably 
best suited for use at large to intermediate scales of restoration 
planning and to provide only a first approximation of local 
conditions. 

Secondly, the indicators that we developed for this report 
are generic in that they represent physical and ecological con-
ditions that should broadly apply to a wide range of organisms 
and ecological processes but may not accurately reflect the 
specific habitat requirements of any given species or com-
munity. Likewise, these indicators generally reflect navigation 
and anthropogenic impacts to the UMRS but do not attempt 
to isolate how specific management actions might impact the 
river system. 

As we pointed out in the introduction, the UMRS is 
utilized by so many species (and little empirical information 
exists for many of them) that developing functional indica-
tors for specific species or communities would be challeng-
ing. Furthermore, the currently stated management objectives 
for the UMRS do not identify specific species, communities, 
or management actions. For example, we developed a single 
generic indicator to represent flood inundation dynamics 
across the UMRS (annual duration), which proved useful for 
understanding general differences among navigation pools and 
with respect to the diversity of plant communities found across 
the river system. However, it is also possible to isolate other 
aspects of the UMRS flood regime (frequency, depth, and 
timing) that may have specific impacts on select organisms or 
processes. Similarly, we calculated a single generic index of 
hydrological alteration to represent water-surface elevation 
fluctuations. However, there are hundreds of other indices of 
hydrological alteration that could have been included in this 
report. We deemed such efforts to be beyond the scope of this 
document. However, the datasets that we developed for this 
effort offer the opportunity to further elaborate on any indi-
vidual indicator introduced in this study. 

The generic nature of the indicators developed in this 
study has important implications for how the UMRR Program 
uses them in restoration planning. For example, these indica-
tors are best used as a first approximation of the structure 
and function of the UMRS and the general differences found 
across the river system. It would, therefore, not be advisable 
to use these indicators to isolate the specific habitat conditions 
for specific species or communities. Nor would it be advisable 
to use these indicators to isolate effects of a specific manage-
ment action. In the future, if the UMRR Program develops 
more specific restoration objectives, targeted to specific spe-
cies, communities, ecological processes, and (or) management 
actions, then more specific indicators could be developed and 
used to monitor the effects of restoration projects.

Thirdly, we chose to develop indicators at the navigation-
pool scale, a common planning unit in the UMRS, and we 
synthesized information across indicators at the maximum 
extent of the entire UMRS. Consequently, spatial and tem-
poral variability occurring within navigation pools was not 
accounted for in our indicators. Many of the navigation pools 
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have significant within-pool structural differences resulting 
from the lock and dam system or because of natural varia-
tion (such as Lake Pepin in navigation pool 4). In some cases, 
within-pool variability may be larger than the variability found 
among pools. Further, by examining the data across the entire 
UMRS, the very large degree of variability found across the 
river system may obscure subtle but important differences 
found among nearby navigation pools. The implication of 
these differences is that the information provided in this report 
is best suited to making broad-scale restoration planning deci-
sions, not for isolating specific places within navigation pools 
for restoration projects or for attempting to compare relatively 
minor differences among pools. However, future planning 
efforts could use the datasets we have developed to zoom into 
each cluster group identified in this report with more specific 
analyses at finer scales. 

Finally, our modelling efforts focused on significant 
portions of the UMRS (lentic areas and floodplain forests), 
but not the entire river floodplain ecosystem. In addition, we 
examined potential future conditions associated with flooding 
scenarios that we considered to be most likely. For example, 
in modelling sedimentation rates and floodplain inundation 
dynamics, we assumed that future rates and patterns would 
match those observed through the past few decades and simply 
projected these rates and patterns into the future. However, 
changes in land use, navigation infrastructure, and (or) precipi-
tation patterns could alter these rates into the future. Hence, 
future efforts could consider extending modelling efforts to 
other portions of the river (for example, channels) and flood-
plain (such as, other herbaceous communities or developed 
areas) and could consider other alternative hydrological or 
management scenarios. 
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Appendix 1 

An Aquatic Areas Classification for the Upper Mississippi 
River System

Background

Large floodplain rivers have complex internal structures that are often difficult to characterize quantitatively (Rosgen, 
1994; Montgomery, 1999; Church, 2002; Benda and others, 2004; Thorp and others, 2006). On the one hand, large 
floodplain rivers are defined by the movement of water, which is a fluid and moves continuously. On the other hand, 
these systems contain a variety of complex geomorphic structures which often create abrupt discontinuities in rates 
and directions of water movement and associated chemical constituents (De Jager and Houser, 2012). The result is 
often a patch-work mosaic of waterbodies that exist along a continuum from lotic to lentic conditions (Amoros and 
Bornette, 2002). 

The patch-work mosaic of the Upper Mississippi and Illinois Rivers, collectively referred to as the Upper Mississippi 
River System (UMRS), has long been appreciated, and there have been a series of efforts to classify and map aquatic 
patches (Sternberg, 1971; Wilcox, 1993). At the broadest level, geomorphic and navigational structures can be delin-
eated based on aerial photography and bathymetric data (such as main and side channels, channel borders, flood-
plain lakes, impounded areas, etc.). Using available monitoring data, at a finer resolution the physiochemical condi-
tions (such as flow velocity, depth, dissolved oxygen, etc.) within each class can be used to characterize differences 
among individual habitat patches (Wilcox, 1993). In this manner, a hierarchy can be created ranging from coarse-scale 
and general habitat classes to finer-scale and more specific classes. 

This document provides methodological details for the development of a hierarchical classification of UMRS aquatic 
habitats. This classification builds off previous classifications developed for various parts of the UMRS (Sternberg, 
1971; Wilcox, 1993). Manual delineation of broad-scale geomorphic features derived from land-cover data (Dieck 
and others, 2015) forms the basis for the coarsest and most general classification (level 1). Automated procedures 
using additional geospatial data (bathymetry) are then used to identify additional geomorphic features at a finer scale 
(level 2). Finally, landscape metrics that characterize the connectivity and depth distribution of selected geomorphic 
features are used to achieve the finest scale classification (level 3). 

The identification of aquatic habitat patches at different hierarchical levels can help provide information useful for 
making management decisions at different scales. At the broadest scale, major differences in general habitat classes 
abundance and distribution across the UMRS can be used to assess spatial differences in, for example, geomorphic 
diversity (De Jager and Rohweder, 2011). In other words, differences in general habitat classes from one period to 
another within a given area can be used to evaluate change over time. Both approaches can help resource managers 
set regional priorities for the restoration of specific habitat patches. At finer levels of detail, the geomorphic features 
that differentiate given habitat patches can be used to evaluate their potential to support macroinvertebrate, fish, 
mussel, and waterfowl populations. Further, such quantification can help to establish geomorphic criteria for restora-
tion projects that seek to improve or modify geomorphic conditions within specific habitat patches for target species 
or communities. 
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Methods
This section describes the methods used to delineate 

aquatic features at three hierarchical levels. The first level 
(level 1) classification consists of the broadest and most 
generic delineation of features. The second level (level 2) clas-
sification uses additional datasets to delineate finer-scale and 
more specific features. Finally, the third level (level 3) classifi-
cation includes a series of metrics to delineate additional finer 
scale features and provide attributes for each feature. 

Level 1 Classification 

Distinguishing among different geomorphic features for 
the level 1 classification was primarily based on a land-water 
boundary derived from land-cover data developed for the 
UMRS for the years 1989 and 2010 (Dieck and others, 2015). 
The following classes were delineated based on visual inspec-
tion (Fig. 1.1). 

Main Navigation Channel (MNC)
The designated navigation corridor as determined from 

navigation charts. 

Each navigation reach typically contains a single large 
MNC polygon. For 1989, the MNC polygon was copied 
directly from the original aquatic areas coverage and appended 
to the new version (U.S. Army Corps of Engineers, 2016). 
This polygon was originally determined using paper naviga-
tion charts depicting the sail line and wing dams and other 
structures. Sometimes buoys visible on the imagery were also 
used to determine the navigation channel. For 2010–11, the 
original polygon was again appended into the new coverage 
but then modified if it looked like there had been changes to 
the corridor, such as where structures crossed into it or had 
clearly been added. The Inland Electronic Navigation Charts 
(U.S. Army Corps of Engineers, 2016) were used for these 
determinations.

Channel Border (CB)
Areas between the navigation channel and the shorelines. 

Each navigation reach typically contains two CB poly-
gons that run adjacent to and along the entire length of the 
MNC polygon. However, sometimes the MNC polygon is near 
the shoreline on one side of the main channel, and therefore 
more than two polygons are possible. These polygons can 
contain channel-training structures. 

Side Channel (SC)
Channels other than the main channel. 

Navigation reaches may contain zero to many SC poly-
gons, delineated with straight and (or) diagonal lines from the 
shoreline to the apex of an island polygon at upstream and 
downstream limits of the apparent channels.

Tributary Channel (TRC)
Tributaries entering the river.

Each navigation reach may contain zero to many TRC 
polygons.

Contiguous Floodplain Lake (CFL)
Lakes connected by apparent surface flow to channels.

Each navigation reach may contain zero to many CFL 
polygons, which are delineated with a straight line across the 
connection to the channel, as a continuation of the apparent 
shorelines. Determination of CFL vs. IFL (see below) can be 
highly dependent on water levels at the time of aerial photog-
raphy, image resolution, and/or the minimum mapping unit 
used to delineate land-cover features. 

Contiguous Floodplain Shallow Aquatic (CFSA)
Inundated areas that are a mosaic of open water, emergent 

and floating vegetation, and islands. 

Navigation reaches can have zero to many CFSA poly-
gons, although if present, most reaches have a single CFSA 
polygon just upstream of CIMP polygons (see following sec-
tion). Straight lines between the downstream points of islands 
are used to construct a boundary between CFSA and CIMP. 
Side channels and lakes may run through the CFSA but will 
have unclear or complex boundaries. Where this is the case, 
CFSA polygons are replaced by SC or CFL polygons for level 
2 classification using bathymetric data (see Level 2 SC and 
CFL for details). 

Contiguous Impounded (CIMP)
Large open water areas in the downstream portions of 

navigation pools.

Navigation reaches may have zero to a few CIMP 
polygons. 

Isolated Floodplain Lake (IFL)
Floodplain lakes having no apparent surface water con-

nection to channels (see section titled “Contiguous Floodplain 
Lake” for determination of CFL vs IFL).

No Coverage (NC)
No photo coverage
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Level 2 Classification

The purpose of level 2 classification was to further dis-
tinguish geomorphic features not easily interpreted visually. 
Bathymetric and land-cover data and automated approaches 
were used to reclassify select level 1 classes for level 2 clas-
sification. In addition, all CFSA class was reclassified to CFL 
or SC, and parts of the CIMP class were reclassified to CFL 
or SC. Also, side channels were further classified into both 
SC and tertiary side channels (TSC). The level 2 classification 
consists of all of the classes and polygons described for the 
level 1 classification, unless noted below. Specifically, there 
are no CIMP, or CFSA classes in level 2. 

Side Channel (SC)
Channels other than the main channel. All side channels 

delineated for the level 1 are carried forward to the level 2. 
Other side channels are delineated for the level 2 by using 
bathymetry and land-cover data to derive these classes from 
CFSA and CIMP. Criteria for SC in CFSA are primarily open 
water in the 1989 land cover. However, deep areas extend-
ing outside the normal channel position into backwaters are 
excluded as SC. For SC in CIMP, deep areas with sharp rises 
to shallow that are elongated and connected to at least one side 
channel. 

Tertiary Channel (TSC)
Side channels that are not directly connected to the main 

channel were generally reclassified as TSC. This level 2 clas-
sification of SC was primarily done to create natural segments 
that allow for adding metrics in level 3. The loose definition 
of TSC warrants some caution in its use as a standalone class 
in level 2, and collapsing TSC back into SC is recommended 
if using level 2 in a standalone manner (using without metrics 
from level 3).

Contiguous Floodplain Lake (CFL)
Lakes connected by apparent surface flow to channels. 

All CFL polygons are retained from the level 1. Others are 
newly developed for the level 2 from CIMP and (or) CFSA 
using bathymetry and land-cover data. Criteria for CFL in 
CFSA is simply the remaining area not reclassified to side 
channel. 

Tributary Delta Lake (TDL)
This large contiguous floodplain lake feature (Lake 

Pepin) is formed in navigation pool 4 by the Chippewa River 
Delta. This contiguous-floodplain lake type is not further 
analyzed in level 3.

Level 3 Classification

The purpose of level 3 classification procedure was to 
add metrics describing connectivity, depth, and structures 
to each polygon in the dataset. These metrics provide useful 
information for quantifying habitat for a wide range of species. 

In addition, the channel border class was further reclas-
sified for level 3 according to the presence of river-training 
structures. River-training structures were obtained from the 
U.S. Army Corps of Engineers Inland Electronic Navigation 
Chart (U.S. Army Corps of Engineers, 2016; fig 1.2).

Structured Channel Border (SCB)
Areas within the channel border that contain river-

training structures. This is calculated by selecting individual 
channel border segments, then selecting river-training river-
training structures that intersect that channel border segment. 
Next, the river-training river-training structures are buffered 
400 meters, clipped by the channel border polygon and then 
the buffers that overlap are combined to form the structured 
channel border segment.

Unstructured Channel Border (USCB)
Areas within the channel border that are at least 

400 meters from a river-training structure.
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Aquatic Area Region Polygon Metrics
The following is a list of metrics applied to each polygon in the aquatic areas data set. Note that some metrics are only 

calculated for lentic aquatic areas (denoted with *), while others are only calculated for lotic aquatic areas (**).

Shape and (or) Size Metrics

• area: area of aquatic area region in meters2.

• hectares: area of aquatic area region in hectares.

• acres: area of aquatic area region in acres.

• perimeter: perimeter of aquatic area region in meters.

• min_rm: minimum river mile value of aquatic area region.

• max_rm: maximum river mile value of aquatic area region.

• len_met: distance in meters between minimum river mile and maximum river mile values of aquatic area region. 

• sinuosity: polygonal sinuosity of the aquatic area region. Values approaching 1 are more sinuous, approaching 0 are less 
sinuous. Figure 1.3 gives an outline of how this is calculated (Tim Fox, written/oral commun., 2018).

• avg_fetch: a weighted (based on occurrence of historical wind direction) mean fetch in kilometers (Figure 1.4).*

• sdi: shoreline development index defined by the ratio of the region perimeter (including lotic connections) to the perim-
eter of a circle of the same area as the region. 

DeJager_fig A–3

Sinuosity (S) =1– (           ) Areap/LengthMGB
2 +2Length MBG

Perimeterp Perimeterp
=1– PerimeterLSRP

Input polygon

Minimum bounding geometry of input polygon

Least Sinuous Representative Polygon (LSRP)

EXPLANATION

where
 p = input polygon
 MBG = the minimum bounding geometry of input polygon
 LSRP = least sinuous representative polygon, a rectangle where the length 

is equal to the MGB length and an area equal to that of the input 
polygon.

Interpreting S values:
 S<0: non-sinuous polygons
 S=0: rectangular input polygons (channels)
 0<S<1: as S values approach 1, input polygons have greater sinuosity. 
  S values are more accurate for polygons with parallel margins. 
 

  

S = 0.37 S = 0.48S = 0.25S = 0

Figure 1.3 Diagram and calculations describing development of polygonal sinuosity metric (Tim Fox, written/oral commun., 2018).
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Water Depth Metrics

• max_depth: maximum depth of 75 percent exceedance bathymetry within aquatic area region measured in meters 
(Figure 1.5).

• avg_depth: average depth of 75 percent exceedance bathymetry within aquatic area region measured in meters.

• sd_depth: standard deviation of depth of 75 percent exceedance bathymetry within aquatic area region measured in 
meters.

• tot_vol: total bathymetric volume (at 75 percent exceedance level) within aquatic area region measured in meters3.

• bath_pct: percentage of aquatic area region that is covered by 75% exceedance bathymetry raster surface.

• area_gt50: area within aquatic area region that has depth greater than 50 centimeters measured in meters2.

• area_gt100: area within aquatic area region that has depth greater than 1 meter measured in meters2.

• area_gt200: area within aquatic area region that has depth greater than 2 meters measured in meters2.

• area_gt300: area within aquatic area region that has depth greater than 3 meters measured in meters2.

• sill: total area in meters2 that meets the definition of a depression at 4 levels (1, 1.5, 2, and 3 meters deep).*
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Shoreline Metrics

• len_wetf: length, in meters, of aquatic area region’s perimeter adjacent to wet forest. Land cover and land use developed 
in 2010–2011 by the Long Term Resource Monitoring element was used to determine adjacent land-cover types (Figure 
1.6).

• pct1wetf: percentage of aquatic area region’s perimeter adjacent to wet forest.

• pct2wetf: percentage of aquatic area region’s terrestrial shoreline adjacent to wet forest.

Connectivity Metrics

• len_outl: length, in meters, of aquatic area region’s perimeter adjacent to other aquatic area polygons classified as lotic 
(main navigation channel, channel border, tributary channel, side channel, or tertiary side channel). This metric was not 
calculated for channel border aquatic area polygons (Figure 1.7). 

• pct_outl: percentage of aquatic area region’s perimeter adjacent to other aquatic area polygons classified as lotic (main 
navigation channel, channel border, tributary channel, side channel, or tertiary side channel). This metric was not calcu-
lated for channel border aquatic area polygons. 

• num_outl: total number of lotic outlets from aquatic area region (adjacent polygons defined as main navigation chan-
nel, channel border, tributary channel, side channel, or tertiary side channel). This metric was not calculated for channel 
border aquatic area polygons. 

• len_oute: length, in meters, of aquatic area region’s perimeter adjacent to aquatic area polygons classified as lentic (con-
tiguous floodplain lake, isolated floodplain lake, or contiguous impounded). 

• pct_oute: percentage of aquatic area region’s perimeter adjacent to aquatic area polygons classified as lentic (contiguous 
floodplain lake, isolated floodplain lake, or contiguous impounded). 

• num_oute: total number of lentic outlets from aquatic area region (adjacent polygons defined as contiguous floodplain 
lake, isolated floodplain lake, or contiguous impounded). 

• pct_aqveg: percentage of aquatic area region classified as aquatic vegetation in 2010–2011 land cover land use.

• pct_opwat: percentage of aquatic area region classified as open water in 2010–2011 land cover land use.

• len_terr: length, in meters, of aquatic area region’s perimeter adjacent to polygons defined as “terrestrial”.

• pct_terr: percentage of aquatic area region’s perimeter adjacent to polygons defined as “terrestrial”.

• pct_chan: percentage of aquatic area region’s perimeter adjacent to polygons defined as “aquatic”.

• econ: effective connections defined as the ratio of the length of the longest segment of terrestrial shoreline to the total 
terrestrial shoreline length. *
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River-training Structure Metrics

• len_wd: length of river-training structures overlapping aquatic area region in meters.**

• wdl_p_m2: length of river-training structures overlapping aquatic area region in meters divided by total area of aquatic  
area region in meters2 (Figure 1.8).**

• num_wd: number of river-training structures (wing dikes, bendway weirs, etc.) that overlap aquatic area region.**

• sco_wd: river-training structures with scour holes within 50 meters as defined by topographic position index classification.**

• psco_wd: percentage of river-training structures with scour holes within 50 meters.**

• area_tpil: area, in meters2, of aquatic area region classified as “canyon bottom” according to topographic position index. 
Topographic position index outputs developed using Land Facet Corridor Designer (Jenness Enterprise, 2013).**

• pct_tpi1: percentage of aquatic area region classified as “canyon bottom” according to topographic position index.**

• area_tpi2: area, in meters2, of aquatic area region classified as “flat/gentle” according to topographic position index.**

• pct_tpi2: percentage of aquatic area region classified as “flat/gentle” according to topographic position index.**

• area_tpi3: area, in meters2, of aquatic area region classified as “steep slope” according to topographic position index.**

• pct_tpi3: percentage of aquatic area region classified as “steep slope” according to topographic position index.**

• area_tpi4: area, in meters2, of aquatic area region classified as “ridgetop” according to topographic position index.**

• pct_tpi4: percentage of aquatic area region classified as “ridgetop” according to topographic position index.**

• len_revln: length of revetted bank (concrete or loose stone) within 20 meters of the aquatic area region in meters.**

• rev_p_m2: length of revetted bank within 20 meters of the aquatic region in meters divided by the aquatic area region’s  
area, in meters2.**

• num_rev: total number of revetments within 20 meters of the aquatic region.**

• pct_rev: percentage of terrestrial shoreline that is revetted. Calculated according to the formula:  
(Length of revetments within 20 meters of aquatic area region divided by length of terrestrial shoreline)* 100.**

• pct_rev2: percentage of aquatic area region perimeter that is resvetted. Calculated according to the formula:  
(Length of revetments within 20 meters of aquatic area region divided by length of aquatic area region perimeter)* 100.**
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Appendix 2 

Methods for Floodplain-Inundation Modeling

Background

River-floodplain ecosystems are believed to be strongly influenced by inundation dynamics  
(Junk and others, 1989; Ward and others, 2002; Bornette and others, 2008). The physical tem-
plate of these ecosystems is structured through vertical, lateral, and longitudinal exchanges of 
material and energy driven by overbank flooding (Amoros and Bornette, 2002), ultimately affect-
ing patterns of edaphic conditions, sediment deposition and scour, biogeochemical cycling, and 
vegetation through space and time (Frye and Quinn, 1979; Megonigal and others, 1997; Tabac-
chi and others, 1998; Olde Venterink and others, 2006; Noe and Hupp, 2009; Kaase and Kupfer, 
2016; De Jager and others, 2016). As a result of such interactions, river-floodplain ecosystems 
are characterized by pronounced spatial (Scown and others, 2015) and temporal heterogeneity 
(Nakamura and others, 2007), making them among the most biophysically diverse ecosystems 
(Tockner and Stanford, 2002). Such biophysical diversity makes these ecosystems a high conser-
vation and restoration priority in the Upper Mississippi River System (UMRS; Guyon and others, 
2012). 

Ecologists have employed a diverse array of methodologies to characterize flooding dynamics 
based on the ecological phenomenon of interest, scale of the analysis, and available technology 
(Vaughan and others, 2009). For example, gradients of inundation dynamics have been approxi-
mated at relatively fine spatial scales with in-place  measurements of surface water depth with 
piezometers (Rybicki and others, 2015; Jacinthe and others, 2015), using floodplain landforms as 
proxies for hydraulic and hydrologic variables (Osterkamp and Hupp, 1984; Hupp and Osterkamp, 
1985), with measurements such as distance to the channel, relative elevation, or other geo-
morphic characterizations (Turner and others, 2004; Baker and Wiley, 2009), or by interpreting 
vegetation patterns (Baker and Wiley, 2004). Across relatively broad spatial scales, aspects of 
flooding dynamics such as inundation extent, duration, frequency, depth, and timing have been 
modeled for ecological purposes using combinations of satellite imagery, geographic information 
systems, and (or) hydraulic models (Townsend and Walsh, 1998; Townsend, 2001; Lorang and 
others, 2005; Heitmeyer, 2007; Martinez and Le Toan, 2007; Powell and others, 2008; De Jager 
and others, 2012; Theiling and Burant, 2013; Allen, 2015; De Jager and others, 2016). 

System-wide characterizations of flooding dynamics across the UMRS, particularly as they may 
relate to ecological patterns and processes, are particularly lacking. For example, nonaquatic 
areas of the UMRS were described in the first Habitat Needs Assessment (HNA-I; Theiling and 
others, 2000) using only land cover, land use, and coarse geomorphic positioning attributes (such 
as island) which conveyed relatively little information about flooding. As a result, the HNA-I 
identified floodplain-inundation patterns as a critical information need: “[Floodplain-inundation] 
models should be developed to characterize the hydrologic regime of floodplains throughout the 
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UMRS” (Theiling and others, 2000, p. 238). Since HNA-I, a few system-wide, spatially explicit 
characterizations of inundation have been produced. These studies include simple models of 
annual total duration for the northern portion of the UMRS (De Jager and others, 2012, 2016) 
and a study concerning the wetted extent for a subset of flow frequencies across the entire 
UMRS (Theiling and Burant, 2013). However, because no single inundation attribute is uniformly 
useful for understanding ecological phenomena in floodplain ecosystems (Merritt and others, 
2010), there remains a need to more fully describe flooding dynamics across the UMRS. 

The purpose of this modelling effort was to develop a method to simulate ecologically relevant 
gradients in flood frequency, duration, depth, and timing – four aspects of hydrologic regimes 
believed to drive river-floodplain ecosystem form and function (Poff and others, 1997; Pettit 
and others, 2001). To do this, we developed an inundation model to quantify multiple aspects 
of flooding. This modelling framework should prove useful for a wide range of future floodplain 
investigations. For HNA-II, we chose to map the distribution of mean total growing season flood 
inundation duration, given its role in shaping floodplain vegetation and soil properties in the 
UMRS (De Jager and others, 2012, 2016). Ten-year increments of inundation duration were used 
to represent “Floodplain functional classes. Finally, we mapped the floodplain functional classes 
across nonaquatic areas of the UMRS and describe their distributions across UMRS navigational 
pools. In the remainder of Appendix B, we first describe the general workflow for developing 
the floodplain functional classes, and then describe the approach, data inputs, methodological 
steps, and results in more detail. 
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Workflow Overview

We used a two-part approach to describe and map flood-
plain functional classes in the UMRS (fig. 2.1). In Part 1, we 
developed a system-wide, spatially explicit inundation model 
to quantify flood regime for all nonaquatic areas. The model 
leveraged two existing datasets: daily water-surface elevations 
from the U.S. Army Corps of Engineers (USACE) gages and 

terrain data in the form of UMRS topo-bathymetric datasets. 
The data were analyzed by integrating geospatial processes 
and the statistical software R (R Core Team, 2017). The final 
outputs from the inundation model were maps of inundation 
frequency, duration, depth, timing, and timing variability.
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Figure 2.1 The development of floodplain functional classes was accomplished in two complimentary parts. Part 1 consisted of the 
development of a system-wide spatially explicit inundation model. The inundation model combined two dataset inputs (daily water-
surface elevations from the U.S. Army Corps of Engineers’ gages and terrain data in the form of Upper Mississippi River Systemtopo-
bathymetry) to describe multiple attributes of inundation for all nonaquatic areas. In Part 2, we analyzed distributions of inundation 
duration to identify and map areas of the floodplain expected to experience similar patterns of flooding
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Methods for Part 1:  
The UMRS Inundation Model

Our framework for quantifying and mapping patterns of 
surface-water inundation throughout the UMRS is based on a 
planar surface model. The planar surface model, also referred 
to as a “bathtub” model, relies on the spatial intersection 
of water-surface elevations and terrain to define inundation 
extent and depth (fig. 2.2). Planar surface models are advanta-
geous in large river-floodplain systems because they (1) are 
spatially explicit, (2) can be more computationally efficient 
than numerical hydraulic models, (3) can produce results at 
a fine grain size but over geographically broad areas, (4) can 
capture dynamic patterns (for example, changes through time) 
based on the temporal resolution of the input hydrologic data, 
(5) offer flexibility in how inundation patterns are summa-
rized, and (6) rely on relatively simple assumptions. 

Application of planar surface models in the UMRS is not 
without precedent. Inundation-duration patterns have been 
characterized for portions of the UMRS using spatial intersec-
tions of topo-bathymetry and spatial interpolations of water-
surface elevations (De Jager and others, 2012, 2016). These 
efforts produced novel insights into the relationship between 
flood duration and vegetation patterns in the UMRS. However, 
the implementation relied on simplified assumptions about 
slope changes across the floodplain surface and summarized 
only flood duration patterns. Here, we build upon the approach 
of De Jager and others (2012, 2016) by employing slope 
detrending and flow-routing geospatial algorithms and use the 
model to characterize multiple aspects of flooding dynamics 
believed to be ecologically relevant to the UMRS. 

DeJager_figB-2

Figure 2.2 The planar surface model to mapping inundation patterns is based on the relationship between spatially-explicit 
water-surface elevations and topo-bathymetry. Inundation is detected at site A, where the water-surface elevation is greater than 
the terrain elevation, but not for site B which has a terrain elevation that exceeds the water-surface elevation. Inundation extent 
and depth can therefore be measured in a spatially continuous way throughout the study domain for any time step for which 
water-surface elevations are known. 
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Data Inputs and Preprocessing

Two types of data form the basis for the UMRS inun-
dation model: hydrologic data and terrain data. To develop 
the hydrologic data input, we compiled a database of daily 
water-surface elevations for 128 USACE gages spanning the 
mainstem of the Mississippi River from Navigation Pool 3 to 
Cairo, Illinois and along the Illinois River from the Branden 
Road Lock and Dam downstream to the junction with the 
Mississippi River at Grafton, Illinois. Only gages with records 
from 1972–2011 were included. This period was chosen 
because it comprises relatively stationary hydrologic condi-
tions and is long enough to provide robust characterizations 
of average hydrologic dynamics. The daily data were subset 

to comprise only days during the growing season which we 
defined as April 1 through September 30. These dates approxi-
mate the season in which most biophysical processes (such as 
vegetation metabolism or biogeochemical cycling) are likely 
to be strongest across the longitudinal gradient represented by 
the UMRS. We then linearly interpolated the water-surface 
elevations for the period of record between sequential pairs of 
gages to generate a daily time series of water-surface eleva-
tions for each river mile. Although longitudinal profiles of 
water-surface elevations are nonlinear (USACE, 2004), we 
believe our assumption of linearity to be reasonable given 
the elevation errors of the terrain set on which the inundation 
model also relies (fig. 2.3). 
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Figure 2.3 An example of differences between water-surface elevation profiles from the UNET 1-D hydraulic model (U.S. 
Army Corps of Engineers, 2004) and linear interpolations between gages (used in the Upper Mississippi River System 
Inundation Model) for 2-, 5-, 10- and 25-year flows in navigation pools 3–10. High values indicate water-surface elevations 
are underpredicted by linear interpolation methods; low values indicate overprediction by linear interpolation. Multiple 
observations at a given river mile location reflect the range of elevation differences across flow magnitudes. 
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We used the pool-scale seamless topo-bathymetric 
datasets collected by the USACE’s Upper Mississippi River 
Restoration Program as the terrain data input to the inunda-
tion model. The topo-bathymetric datasets are seamless digital 
elevation models that comprise elevations derived from 
LIDAR (1-meter [m] resolution) and bathymetric sampling 
(5-m resolution) conducted from 2000–2008 (Rogala and oth-
ers, 2016). 

We preprocessed the topo-bathymetric datasets to gener-
ate de-trended, hydrologically enforced terrain models similar 
to Height Above Nearest Drainage (HAND) terrain models 
described by Rodda (2005), Rennó and others (2008), and 
Nobre and others (2011, 2016). These models comprise grid 
cells whose values indicate the height of that cell with respect 
to a downstream reference point into which it drains, in our 
case the centerline of the navigation channel. Thus, the result-
ing HAND maps indicate the water height of the navigation 
channel centerline at which each particular cell becomes 
inundated. 

All geospatial processing used 4 m X 4 m grid cell reso-
lutions and was completed via the TauDEM (Tarboton, 2016) 
and Geospatial Analyst Toolboxes in ArcGIS 10.3.1. First, we 
conditioned the topo-bathymetry by burning a single-threaded 
navigation channel centerline into the topo-bathymetric data, 
building an artificial wall around the perimeter of the study 
area, and removing spurious depressions following Jenson 
and Domingue (1988) and Jenson (1991). We then modeled 
hydrologic flow paths across the conditioned surface using the 
D-infinity algorithm (Tarboton, 1997). The D-infinity algo-
rithm routes flow based on steepest descent while distributing 
flow across the facets of adjacent raster cells (Tarboton, 1997). 
As opposed to the standard D-8 flow direction algorithm 
(O’Callaghan and Mark, 1984) which only captures concen-
trated flow patterns, the D-infinity algorithm is well-suited 
for modeling hydrologic connectivity in relatively flat terrains 
characteristic of the UMRS floodplain. Next, we computed 
the elevation difference between any given cell in the study 
domain and the navigation channel centerline cell to which 
it is hydrologically connected. Because flow may have been 
apportioned among multiple downstream cells, we used a 
weighted average of flow path distances as defined in the 
D-infinity Distance Down algorithm (Tefsa, 2011; Tarboton, 
2016). The final result was a raster dataset that identified both 
(1) the height of each grid cell with respect to the nearest navi-
gation channel centerline into which it drains (for example, 
the water height of the navigation channel at which that cell 
becomes inundated), and (2) the river mile location of the con-
nection to the navigation channel centerline. Attribute tables 
containing these two pieces of information – relative elevation 
and river mile location – were exported as text files for further 
analyses. 

Inundation Simulation and Metric Calculations

We simulated inundation across all nonaquatic areas of 
the UMRS floodplain by comparing the relative elevation val-
ues to the daily water-surface elevations expected at a given 
river mile location (fig. 2.4). The comparison generated a time 
series of daily inundation depths for each 4m X 4m pixel. 
We identified inundation events within the time series as sets 
of contiguous days during which the surface water elevation 
exceeded the relative elevation of the terrain (fig. 2.4C). Next, 
we summarized distributions of inundation events relative to 
five ecologically relevant aspects of flood regime (frequency, 
duration, depth, timing, and timing variability) using the 
statistical definitions described in table 2.1. In addition, we 
computed the total number of growing season days inundated 
each year of the analysis and exported these annual results for 
use in forest simulation modeling (see Appendix 4). Statisti-
cal summaries of flooding attributes were completed using the 
statistical software R (R Core Team, 2017) and exported as 
comma-separated values (.csv) text files. The text files were 
then joined with raster attribute tables containing relative 
elevation and river mile locations to map the spatial patterns 
of inundation dynamics. 

Methods for Part 2: Defining and 
Summarizing Floodplain Functional 
Classes 

The goal of Part 2 was to use output from the inundation 
model to identify areas of the UMRS floodplain expected to 
experience different patterns of inundation duration based on 
average hydrologic conditions from 1972–2011. We defined 
the floodplain functional classes using only one flood regime 
attribute: the 40-year mean total growing season inundation 
duration (the average number of days a surface is inundated 
in any given year). Only this attribute was used because of its 
interpretability and ecological importance in many river-flood-
plain ecosystems including the UMRS (table 2.1). Similar 
indices of inundation duration have been related to vegetation 
communities in the UMRS, revealing nonrandom associations 
(De Jager and others, 2012, 2016). 

After masking out areas of the floodplain that were 
leveed, were in agricultural production, or were developed, we 
summarized the distribution of floodplain functional classes 
as the area per river mile in each navigation pool in 10-day 
duration bins. The end result were classes representing areas 
expected to experience different growing season inunda-
tion durations based on average hydrologic conditions from 
1972–2011. We calculated Simpson’s diversity index for each 
navigation pool based on the abundance of floodplain func-
tional classes. 
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Figure 2.4 The Upper Mississippi River System inundation model uses a modified bathtub approach to map 
summary statistics of dynamic inundation patterns. First, A, a Height Above Nearest Drainage (HAND) map is 
computed for the floodplain surface . HAND is a detrended, hydrologically enforced relative elevation surface 
in which the values represent the elevation difference between any given point in the landscape (black square) 
and the elevation of the entry point to the navigation channel (black circle) into which it flows (flow path as 
solid line). Next, B, inundation is defined at the point in which a given cell’s relative elevation is exceeded 
by the stage of the navigation channel into which that cell flows. Knowing this relationship, C, inundation is 
modeled dynamically over any period of record by referencing the stage hydrograph of the navigation channel 
and summarizing attributes of inundation events defined by the relative elevation at which a cell is expected to 
become inundated (star and red line). Many inundation attributes may be computed and expressed spatially, 
including, D, measures describing duration, timing variability, and depth distributions across inundation events.
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Table 2.1 Five flood regime attributes, the definitions used to calculate them within the Upper Mississippi River 
System inundation model, and select studies demonstrating their ecological importance in driving patterns of 
floodplain vegetation.  

Flood regime attribute Attribute definition
Select studies demonstrating  

ecological Importance

Frequency Mean number events/year Bren and Gibbs, 1986
Pearlstine and others, 1985
Robertson and others, 2001
Stokes and others, 2010
Toner and Keddy, 1997

Mean number events/inundation year

Duration Median number days/event Blom and Voesenek, 1996
De Jager and others, 2013
De Jager and others, 2016
De Jager and others, 2012
Franz and Bazzaz, 1977
Friedman and Auble, 1999
Hook and Brown, 1973
Kozlowski, 1984
Marks and others, 2014
Toner and Keddy, 1997

*Mean number total growing season days  
inundated/year

Depth Median of maximum event depths Blom and Voesenek, 1996
Karrenberg and others, 2003
Kozlowski, 1984
Robertson and others, 1984
Toner and Keddy, 1997

Timing Julian day of maximum event depth, summarized  
as circular median across all events

Lytle and Merritt, 2004
Robertson and others, 2001
Stokes and others, 2010
Toner and Keddy, 1997

Timing variability Circular variance of timing Jardine and others, 2015
Lytle and Merritt, 2004

* Indicates the statistical definition used to identify functional classes. 

Key Model Assumptions for Interpreting 
and Applying Results 

The development of a geospatial floodplain-inundation 
model and functional classes fulfilled a priority research need 
identified by the HNA-I (Theiling and others, 2000) by being 
the first systemic characterization of multiple, ecologically 
relevant flooding attributes in the UMRS. Although the model 
results and functional classes fill an important gap, our approach 
relied on several key assumptions that can influence interpret-
ability and applicability. First, our model measures patterns of 
inundation because of surface-water connectivity to the main 
navigation channel and does not account for additional inputs 
such as direct rainfall, tributary inflows, or groundwater, which 
could underestimate wetted extents and depths in certain areas 
of the floodplain. We also did not account for direct, artificial 
water-level manipulations in off-channel areas (such as Rice 
Lake pumping stations and water control structures or beaver 
dams). In these places, local knowledge of inundation dynamics 
may supplement or even supersede the results of the inundation 
model in its current form. In addition, our approach uses a geo-
spatial terrain analysis rather than a numerical hydraulic model. 

Our approach allows for rapid computation of many aspects of 
flooding over broad areas, except for flow velocities or varia-
tion in inundation patterns affected by complex flow energet-
ics. To more fully understand certain ecological processes 
such as sediment transport dynamics or propagule dispersal, 
it may be important to supplement our inundation model with 
additional information about flow velocities during inundation 
events from other sources (such as hydraulic models, empirical 
surveys). Lastly, the primary sources of error in our modeling 
framework are a function of vertical and horizontal accura-
cies of the terrain model, the quality of the gage data, and the 
assumption of linearity in water surface profile between pairs 
of gages. As such, we recommend interpreting model results 
within the context of these potential error sources. For example, 
we chose to maximize the model’s interpretability by devel-
oping functional classes using long-term average hydrologic 
conditions and summarizing their distribution at the relatively 
coarse spatial scale of navigational pools. Other examples of 
appropriate model use may include stratifying regional sam-
pling efforts or monitoring programs, providing context for 
interpreting fine-scale studies of local inundation patterns, or 
developing other floodplain functional classes using additional 
flood metrics. 
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Appendix 3 

Methods for Backwater Sedimentation Forecast 
Modeling

Background

This study used measured rates of backwater sedimentation to forecast the loss of a deep lentic 
functional class and the gain of a shallow lentic functional class over a 50-year period. Such 
changes reduce the abundance of deep lentic habitats. The forecasts are based on the data from 
backwater transect surveys in Pools 4 and 8 over the period of 1997–2017 (specifically, during 
1997–2002, Rogala et al. 2003; and during 2016–2017, James T. Rogala, written comm., 2017). 
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Methods

Data Collection

This study used the same sampling design and survey 
methodology used in a 1997–2002 study. Detailed methods 
can be found in Rogala and others (2003). A brief summary of 
those methods is provided here.

Randomly selected locations were used to establish tran-
sects in backwaters in Pools 4, 8, and 13 in 1997. Impounded 
areas (for example, large flow through backwaters) were not 
surveyed. A stratified design based on backwater lake size and 
connectivity was used to select 25 transects in each pool. Two 
transects were selected in each of the 6 largest backwater lakes 
in each pool, and 13 transects split across low and high con-
nectivity backwater lakes. Maps of all transects can be found 
in appendix A of Rogala and others (2003).

The measurement of bed elevation along established 
transects is split into over ice and open-water surveys. The 
measurements through the ice are performed at all locations 
except those in shallow areas where ice freezing to the bottom 
makes such measurements impossible. In such shallow areas, 
open-water surveys are performed (during ice-free periods). 
Predetermined distances from an endpoint are used to locate 
survey locations along transects. Water depth was measured 
during over ice surveys, and, using a level, the depth was con-
verted to a bottom elevation relative to an established tempo-
rary vertical benchmark. Levelling was also used to measure 
bed elevation for open-water surveys. 

For the 2016–2017 study, transects were reestablished in 
the same locations used in Rogala and others (2003) by recov-
ering previously established benchmarks. Only a subset of the 
original 25 transects per pool could be recovered: 13 transects 
in Pool 4 and 19 transects in Pool 8. Transects surveyed are 
listed in table 3.1. Because of high water and poor ice forma-
tion, no surveys were completed in Pool 13. Open-water near-
shore surveys were completed in the fall of 2016, and over ice 
surveys were completed in the winter of 2016–17.

Table 3.1 Names of transects surveyed in 2016 
or 2017.

Surveyed transects

Pool 4 Pool 8

1R 3B 1R 1B FLN
5R 4B 2R 3B FLS
7R BLN 3R 4B LLN
9R GLN 4R 5B LLS
11R GLS 5R BYN RLN
1B RLE 6R BYS RLS
2B TLE

Sediment Rate Calculations

Average annual sedimentation rates at each measurement 
location along the transects were determined by the simple 
difference between bed elevations of the first survey (earliest 
year surveyed in 1997–2002; Rogala and others, 2003) and 
the resurvey in 2017 , divided by number of years between 
surveys. Mean rates for each transect for various areas of 
interest (specific subareas such as area > 0.5 meters [m]) were 
estimated using designed-based statistics. 

Estimating Changes in Deep and Shallow Lentic 
Functional Classes

There are two depth thresholds from the functional 
classes that we addressed with the sedimentation predictions. 
A 0.5 m threshold was used for the shallow lentic class and 
a 1.0 m threshold was used for deep lentic habitats (table 5 
in main text). For the shallow lentic class, sedimentation 
rates were applied to areas > 0.5 m deep to determine which 
of those areas became < 0.5 m deep in 50 years. Similarly, 
sedimentation rates were applied to areas > 1.0 m to deter-
mine loss of deep lentic habitats in 50 years. Mean rates for 
transects were found to not differ greatly for areas > 0.5 m and 
areas > 1.0 m (fig. 3.1). Therefore, rates from areas > 0.5m 
were used for all predictions to simplify the model. Only if 
accounting for sediment focusing (see following discussion) 
would the > 1.0 m areas need to be treated differently.

Variation in sedimentation rates along transects (for 
example, within-lake variation) was large for some transects 
(fig. 3.2). The variation was sometimes because of sediment 
focusing (deep areas having higher sedimentation rates than 
shallow areas), but some transects were scoured in the deepest 
areas. We characterized the differences in within-lake variance 
among lakes using the following connectivity measures: fetch, 
size, sill, shoreline development index, effective connections, 
and percentage of the perimeter that is channel (see table 4 in 
main report for variable definitions). Correlations between any 
of these metrics and within-lake variance were poor, so we 
could not effectively model the within-lake variation. 

However, for our purposes of predicting change only 
in deeper areas, the variability within transects is lower than 
when the entire transect is considered (for example, areas > 
0.5 m typically had more constant rates within a backwater 
than across the entire transect), and within-lake variance was 
ignored when forecasting sedimentation.

Similar to what we found when trying to explain within-
lake variance with connectivity metrics, among-lake variance 
was poorly correlated with the selected covariates. Specifi-
cally, we included the same connectivity variables listed previ-
ously in a stepwise regression analysis with sedimentation rate 
as the response variable. The best model included fetch, sill, 
and effective connections. However, the explanatory power of 
the model (R2=.22) was deemed too low to reasonably account 
for sedimentation rate variability among lakes. 
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Figure 3.1 Relationship between mean sedimentation rates in areas greater than 0.5 meters and areas 
greater than 1.0 meters for all transects in pools 4 and 8.
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Because the statistical models we explored did not 
provide meaningful predictive power, we used a very simple 
approach to forecast future conditions. The estimated sedi-
mentation rates for each transect in areas > 0.5 m observed 
in the 1997–2017 data were used to extrapolate out across all 
backwaters in the system. Sedimentation rates were randomly 
selected from the distribution of rates observed in the 1997–
2017 study (table 3.2) and assigned at the backwater-lake scale 
such that a single randomly selected rate was applied to each 
lake. Though this approach does not account for how the rates 
may truly be dispersed across individual lakes, it provides an 
estimate of expected changes at the pool scale that allows for 
variability in the rates among backwaters. As such, it is more 
informative than applying a single mean rate across all back-
waters in the UMRS. 

The future bathymetric conditions were only predicted in 
areas where depth of the 2017 survey was greater than 0.5 m, 
and predictions were only used to reassign functional classes 
and recalculate areas > 0.5 m and areas > 1.0 m at the pool 
scale. Results at scales smaller than the pool are not possible 
with these methods. 

Table 3.2 Mean sedimentation rate (centimeter per year) for 
areas greater than 0.5 meter deep along 24 transects in Pools 4 
and 8 from 1997–2017.

[cm, centimeter; yr, year]

Pool 4 Pool 8

Transect
Mean  

sedimentation  
rate (cm/yr)

Transect
Mean  

sedimentation  
rate (cm/yr)

1R 0.56 1R 0.02
5R 0.56 2R 1.14
7R 1.10 3R 0.67
9R 0.48 4R 0.83
11R 0.70 5R –0.52
1B 0.55 TLE 0.26
2B 0.95 BYN 0.98
3B –0.71 BYS 1.09
4B 1.13 LLN –0.05
BLN 0.04 LLS 0.20
GLN 0.60 RLS 0.36
GLS 0.41
RLE 1.10

Caveats and Future Refinements

There is potential for a more complicated model to pro-
vide better predictive capability (potentially at the backwater-
lake scale). Currently we are constrained by the sample size 
(only 24 transects with areas deeper than 0.5 m), but this may 
improve in the future as surveys in Pool 13 are completed and 
additional transects are recovered. 

The forecasts of future depth are produced by combin-
ing sedimentation rates derived in the previous section and 
bathymetry data collected over a 20-year period from 1990 
through 2010. Using this bathymetry data as the baseline 
omits any sedimentation that occurred from the date of bathy-
metric survey to the present. Therefore, all present conditions 
for deeper lentic areas are overestimated, more so for areas 
surveyed longer ago. This doesn’t have any obvious effects 
on our estimates of depth distribution; no correlation between 
year of bathymetric survey and the amount of deeper lentic 
areas is apparent in the present conditions (for example, pools 
with older bathymetric surveys were not found to have more 
deep lentic areas). We acknowledge some bias resulting from 
year of survey may remain in the data. Such a bias would 
likely cause overestimation of deeper lentic areas losses, 
because many deeper areas were lost between the year of 
bathymetric survey and 2017 (for example, the year of present 
condition). Additionally, the effect of Upper Mississippi River 
Restoration- Habitat Rehabilitation and Enhancement Projects 
construction on bathymetry may or may not be incorporated 
(depending on location), but those changes would be expected 
to be a small percentage of all backwater area. 

Because of high water and poor ice formation, surveys 
in the fall of 2016 and the winter of 2016–2017 were incom-
plete. Previous surveys along those same transects covered the 
period 1997–2002, and it would have helped this investigation 
by adding more transect data if rates over that earlier period 
could have been used for predicting future change. However, 
we found the difference in the rates between the 1997–2002 
period and the 1997–2017 period was too large to do this 
effectively, with individual transect rates differing among peri-
ods by as much as 3.3 centimeters per year (cm/yr). Annual 
average rates tended to be generally higher (0.33 cm/yr) for 
the 1997–2017 period, but differences vary greatly (standard 
deviation=1.08 cm/yr). 

Two potential changes that could result from sedimenta-
tion were not addressed: (1) transition from aquatic to terres-
trial, or from terrestrial to aquatic; and (2) formation of new 
deep backwater habitats. However, we believe both would 
have minor effects based on the survey data. We found little 
evidence that shoreline changes are widespread. Although 
surveys show that some areas are maintaining depths or scour-
ing in some deep areas, there was little evidence that existing 
shallow areas are getting deeper. 



Appendix 3  97

There are also two potential changes in backwater 
depths that we lack the data to assess. These include (1) delta 
formation and (2) deep channel abandonment. Deltas are 
localized features formed by tributaries or channels flowing 
into backwaters that can result in substantial changes. Those 
changes are also believed to be more permanent, as the sedi-
ments deposited are high in sand content. New backwaters 
formed from channel abandonment could result in new deep 
backwater habitat, but these formations are rare based on 
decadal aerial photography-derived land cover databases. A 
more complete analysis of those data would provide a more 
definitive understanding of the frequency at which these 
habitats are created.

The focus here was on direct changes in water depth. 
Sedimentation also influences water exchange rates through 
backwaters filling and altered connections to channel envi-
ronments. This work did not address any aspects of water 
exchange rates that may change because of sedimentation.
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Methods for Forest Simulation Modeling

Background

LANDIS–II is a process-based spatially explicit model that represents forest generative pro-
cesses (such as dispersal, growth, and competition) as well as forest degenerative processes 
(such as senescence and disturbance related mortality) at large spatial scales (>1,000 ha) and 
over long temporal scales (centuries) (Mladenoff and others, 1993; Mladenoff and He 1999). As 
a modelling platform, LANDIS-II allows investigators to address questions about the effects of 
multiple processes and disturbances that may interact to impact forest succession across space 
and time through the use of extensions that plug into the core model (Scheller and others, 2007). 
We investigated the interactive effects of flood inundation and an exotic wood boring insect 
Agrilus planipennis (emerald ash borer) on forest succession in the floodplain of the Upper 
Mississippi River System (UMRS) using the LANDIS–II platform and associated extensions (fig. 
4.1). This document outlines how input files and parameter settings were developed for forest 
succession modelling and how flooding and insect disturbances were parameterized within the 
model.
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Figure 4.1 A diagram of major processes within the LANDIS–II modelling platform. Forest 
successional processes, such as establishment, growth, competition, and succession are simulated 
by the core LANDIS–II model and the Biomass Succession extension (see text for details). Additional 
species and age-specific mortality occurs in response to various disturbances. In the Upper 
Mississippi River System floodplain, effects of flooding and insects were simulated for Habitat Needs 
Assessment II. 
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Initial Species-Age Distributions

In LANDIS–II, trees are represented as species-age 
cohorts, which requires: (1) identifying species to include in 
the model, (2) estimating tree age, (3) aggregating trees into 
age-specific cohorts, and (4) approximating the initial location 
of species-age cohorts in the landscape. To accomplish these 
tasks, we used two sources of forest inventory data. The first 
data set, hereafter referred to as permanent plot data, consisted 
of permanent sampling points established by the US Army 
Corps of Engineers (De Jager and others, 2012). Approxi-
mately one plot was established per every 202.3 hectares 
(ha) of forest cover for long-term monitoring of forest stand 
dynamics. Each sampling point consisted of a 0.04 ha fixed 
radius large plot, three nested 0.004 ha fixed radius subplots, 
and three nested 0.001 ha fixed radius microplots. Within 
the large plots, all trees greater or equal to 0.127 meters (m)
diameter at breast height (dbh) were sampled. Within the three 
subplots, all trees greater than or equal to 0.0254 m dbh, but 
less than 0.127 m dbh, were measured. Finally, within the 
three microplots, trees and shrubs less than 0.0254 m dbh 
and greater than 0.3048 m in height were measured. Per tree 
measurements included species, density, dbh, height, and 
crown class. This data set was primarily used to quantify the 
existing species composition and age structure of UMRS 
forests because size classes were represented within the data 
set. However, any species-age class that is overrepresented or 
underrepresented in the permanent plot data will be overrepre-
sented or underrepresented in the simulation model. 

The second source of forest inventory data, hereafter 
referred to as stand mapping data, was collected to map the 
distribution of floodplain forests based on representative 
dominant and codominant individuals and from a much higher 
density of sample points than the permanent plot data. Sample 
plots were established by the US Army Corps of Engineers 
and spaced approximately 100 m apart on a spatial grid 
established across extensive tracts of Upper Mississippi River 
(UMR) floodplain habitat (for example, 1 plot per hectare). 
Cores from trees considered to be representative of the domi-
nant and codominant species-age cohorts at that location were 
also collected from one-fifth of these plots (for example, 1 age 
tree per 5 hectares). These data were used to estimate tree age 
from diameter. 

We used the permanent plot data to identify species to 
include in the model and to group species that were rare but 
which shared similar life history traits. We were generally 
inclusive of rare species because although they constitute a 

very small proportion of forest biomass at a landscape scale, 
their presence within plots was considered to have important 
local impacts on forest succession (table 4.1).

Next, we estimated tree age from diameter using the 
stand mapping data by developing regression equations 
between tree diameter and estimated tree age from cores 
of dominant and codominant individuals. For some species 
there were too few individuals to construct reliable regres-
sion equations. In these instances, we aggregated species into 
groups (table 4.1). These equations were then applied to the 
permanent plot data to estimate the age of each sampled tree. 
We then grouped the trees of each species within each plot at 
10-year increments to represent 10-year age cohorts. 

Finally, we spatially imputed the information contained 
within the permanent plot data into all forested cells within 
the UMRS as follows. First, the species composition of each 
forest plot was used to match plots with forest types in a land 
cover dataset. We used the UMRS’s land-cover and land-use 
data for the year 2010 (Dieck and others, 2015) and identified 
four forest types (fig. 4.2): floodplain forest, lowland forest, 
Populus community, and Salix community. The species used 
to define the floodplain forest class included: silver maple 
(Acer saccharinum), American elm (Ulmus americana), green 
ash (Fraxinus pennsylvanica), river birch (Betula nigra), box-
elder (A. negundo), American sycamore (Platanus occiden-
talis), and swamp white oak (Quercus bicolor). The species 
used to define the lowland forest community type included 
red oak (Q. rubra), bur oak (Q. macrocarpa), swamp white 
oak (Q. bicolor), common hackberry (Celtis occidentalis), 
bitternut hickory (Carya cordiformis), and shellbark hickory 
(C. laciniosa). The species used to define the Populus com-
munity consisted of eastern cottonwood (P. deltoides). Finally, 
the Salix community consisted of sandbar willow (S. interior) 
and/or black willow (S. nigra). The species and ages of each 
10-year cohort within each permanent plot was then randomly 
imputed into the cells (pixels) of each corresponding forest 
type. This process was done independently for forest plots in 
three reaches of the UMR (pools 3–10, pools 11–22, pools 
24–26 plus the open river and the La Grange and Alton pools 
of the Illinois River) to prevent species not found in a reach 
from being imputed into that reach. To better match the size of 
forest inventory plots, we reduced the resolution of the land-
cover data to 30 m pixel size. This process resulted in initial 
community geographic information system data and provides 
an approximation of the location of each species-age cohort 
across the landscape. Similarly, this dataset can be thought 
of as the current demographics of each forest type across the 
landscape.
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Table 4.1 The species selected for LANDIS-II modelling on the Upper Mississippi River floodplain. Some rare species were grouped with other species 
(LANDIS-II symbol) in order to retain their local role in modifying forest succession. Y-intercepts, slopes, r-square values, and sample sizes (N) are for 
regression equations that relate the ln(dbh) to ln(age) for cored trees. For species without adequate sample sizes, ‘like’ species were used to generate 
relationships. Any species with identical regression equations were grouped to derive age based on diameter. Any species with identical LANDIS-II 
symbols were grouped for modeling purposes based on small sample size.

Genus species Common name
USDA 

symbol
LANDIS-II 

symbol
Y-INT SLOPE R2 N

Acer negundo L. Boxelder ACNE2 ACNE2 1.7397 0.7558 0.5927 223

Acer saccharinum L. Silver Maple ACSA2 ACSA2 1.7449 0.8026 0.5819 840

Betula nigra L. River Birch BENI BENI 2.3417 0.5726 0.3449 87

Carya illinoinensis (Wangenh.) K. Koch Pecan CAIL2 CACO15 2.2372 0.6575 0.3572 135

Carya cordiformis (Wangenh.) K. Koch Bitternut Hickory CACO15 CACO15 2.2372 0.6575 0.3572 135

Carya laciniosa (Michx.f.) G. Don Shellback Hickory CALA21 CALA21 2.2372 0.6575 0.3572 135

Celtis occidentalis L. Common Hackberry CEOC CEOC 2.2419 0.6409 0.285 23

Cephalanthus occidentalis L. Common Buttonbush CEOC2 CEOC2 1.5248 0.8108 0.7262 263

Diospyros virginiana L. Common Persimmon DIVI5 DIVI5 1.5859 0.876 0.3379 20

Forestiera acuminata (Michx.) Poir. Eastern Swampprivet FOAC FOAC 1.5248 0.8108 0.7262 263

Fraxinus pennsylvanica Marshall Green Ash FRPE FRPE 1.975 0.7244 0.3994 1529

Fraxinus nigra Marshall Black ash FRNI FRPE 1.975 0.7244 0.3994 1529

Morus rubra L. Red mulberry MORU2 MORU2 1.77 0.7257 0.8868 15

Platanus occidentalis L. American Sycamore PLOC PLOC 1.2803 0.8986 0.703 57

Populus deltoides W. Eastern Cottonwood PODE3 PODE3 1.593 0.8051 0.6489 117

Quercus bicolor Willd. Swamp White Oak QUBI QUBI 2.4912 0.6353 0.4626 208

Quercus macrocarpa Michx. Bur Oak QUMA2 QUMA2 2.6992 0.5299 0.3433 21

Quercus palustris Münchh. Pin Oak QUPA2 QUPA2 2.2468 0.6143 0.4016 35

Quercus rubra L. Red Oak QURU QURU 2.2468 0.6143 0.4016 35

Quercus velutina Lam. Black Oak QUVE QURU 2.2468 0.6143 0.4016 35

Salix interior Rowlee Sandbar Willow SAIN3 SALIX 1.5248 0.8108 0.7262 263

Salix nigra Marshall Black Willow SANI SALIX 1.5248 0.8108 0.7262 263

Ulmus americana L. American Elm ULAM ULAM 2.1891 0.6235 0.3585 343
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Figure 4.2 An example of the distribution of forest types based on land-cover data for a section of  
the Upper Mississippi River floodplain. Forest inventory (plot) data was randomly imputed into the cells 
of each like forest type to estimate the location of each species-age cohort across the landscape.
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Species Life History Attributes, 
Potential Species Establishment, and 
Potential Growth Rates

To simulate succession, we used the Biomass Succession 
extension (version 3.2) (Scheller and Mladenoff, 2004), which 
simulates the processes of establishment, growth, competition, 
and senescence based on the life histories of taxa as they influ-
ence and are influenced by the biomass of cohorts at a site. We 
developed basic life history information for each species using 
Burns and Honkala (1990) and our own experiences working 
in the UMR floodplain (table 4.2).

The Biomass Succession extension requires a file that 
specifies spatial variability in potential establishment and 
growing conditions across the landscape. Actual establishment 
and growth rates within the LANDIS–II model are reduced 
below potential rates due to factors such as seed availabil-
ity, shading effects, and competition with other species-age 
cohorts at a site. Typical applications of LANDIS–II utilize 
climate and soil data to develop ecoregions within which 
temperature, precipitation, and soil types are considered to be 
homogeneous. Within such zones, the growth of different spe-
cies is simulated using physiological models such as Linkages 
(Pastor and Post, 1986) or PnEtt-II (Aber and Federer, 1992) 

to determine maximum potentials. However, soils data for the 
UMR floodplain do not exist at a resolution fine enough to 
characterize differences in potential establishment or grow-
ing conditions. Furthermore, it is unclear how various aspects 
of climate (such as temperature and precipitation) influence 
potential establishment and growth rates of lowland forest 
species. Both Linkages and PnEtt-II rely on the sensitivity of 
upland species to drought stress but do not take into account 
soil water logging conditions. We therefore used empirical 
methods to parameterize species-specific establishment and 
growth rates (see following section).

To estimate spatial variability in potential species 
establishment rates, we related the relative abundance of each 
species to long-term average flooding conditions. Previous 
research had shown that the long-term average growing season 
flood inundation duration is a good predictor of soil texture 
in the UMR (De Jager and others, 2012). Further, soil texture 
may interact with seed size to impact germination rates of wet-
land species (Jurik and others, 1994). We therefore intersected 
the location of permanent plots with maps of the 40-year 
mean growing season flood duration developed using a flood 
inundation model (see appendix B). The abundance of each 
species within 10-year inundation zones, relative to their total 
abundance, was then used to estimate potential establishment 
rates (figures 4.3 and 4.4).
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Table 4.2 Basic life history attributes relevant to forest simulation modelling on the UMRS. 

Genus species Common name
LANDIS-II 

symbol
Longevity

Sexual 
maturity

Shade 
tolerance

Seed dispersal

Effective Maximum

Acer negundo L. Boxelder ACNE2 80 10 3 100 7,500

Acer saccharinum L. Silver Maple ACSA2 150 10 3 100 7,500

Betula nigra L. River Birch BENI 110 10 1 100 7,500

Carya illinoinensis (Wangenh.) K. Koch Pecan CACO15 250 30 2 25 1,000

Carya cordiformis (Wangenh.) K. Koch Bitternut Hickory CACO15 250 30 2 25 1,000

Carya laciniosa (Michx.f.) G. Don Shellback Hickory CALA21 250 40 4 25 1,000

Celtis occidentalis L. Common Hackberry CEOC 150 20 3 100 7,500

Cephalanthus occidentalis L. Common Buttonbush CEOC2 50 10 1 100 7,500

Diospyros virginiana L. Common Persimmon DIVI5 150 10 4 100 7,500

Forestiera acuminata (Michx.) Poir. Eastern Swampprivet FOAC 50 10 2 100 7,500

Fraxinus pennsylvanica Marshall, Green Ash FRPE 150 15 3 100 7,500

Fraxinus nigra Marshall Black ash FRPE 150 15 3 100 7,500

Morus rubra L. Red Mulberry MORU2 125 10 3 100 7,500

Platanus occidentalis L. American Sycamore PLOC 250 10 1 100 7,500

Populus deltoides W. Eastern Cottonwood PODE3 140 5 1 200 10,000

Quercus bicolor Willd. Swamp White Oak QUBI 250 20 3 50 5,000

Quercus macrocarpa Michx. Bur Oak QUMA2 275 35 2 50 5,000

Quercus palustris Münchh. Pin Oak QUPA2 150 20 2 50 5,000

Quercus rubra L., Red Oak QURU 250 30 2 50 5,000

Quercus velutina Lam. Black Oak QURU 250 30 2 50 5,000

Salix interior Rowlee Sandbar Willow SALIX 100 10 1 200 10,000

Salix nigra Marshall Black Willow SALIX 100 10 1 200 10,000

Ulmus americana L. American Elm ULAM 80 25 3 200 10,000
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AA1810 fig D3
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Figure 4.3 Example of the ecoregion/flood duration zone map for a portion of the Upper Mississippi 
River System. Areas with no data include permanently aquatic areas, areas outside of the Upper 
Mississippi River System floodplain, and areas in nonforest cover. Each flood duration zone is defined 
by the average duration of flooding that occurred during the growing seasons of 1972 to 2011. 
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Figure 4.4 Probability of establishment coefficients used in LANDIS-II modelling for 
species typically considered highly flood tolerant (upper panel), flood tolerant (middle 
panel) and less flood tolerant (lower panel). Ecoregions were defined by 10-day 
increments of mean growing season flood inundation duration (fig. D-3). The last zone 
(70) consists of any flood duration lasting longer than 60 days. 
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Within the LANDIS–II model, actual species establish-
ment rates depend on the ecoregion-specific maximum estab-
lishment rate (fig. 4.4), the shade tolerance of a given species 
(table 4.2), and the amount of canopy cover at a site in a given 
year. Canopy cover is approximated by a relationship between 
the total biomass at a site and the maximum biomass possible 
at a site (see Scheller and Mladenoff [2004] for full details). 
As the total biomass at a site approaches the maximum pos-
sible biomass, establishment rates are reduced according to 
user-supplied coefficients, which are multiplied by the species-
ecoregion specific maximum establishment rates (fig. 4.5). 

Once present at a site, all cohorts compete for available 
growing space, which becomes more available as a distur-
bance or senescence causes loss of biomass from competing 
cohorts. The model relies on four user-supplied parameter 
estimates to simulate growth: ANPPmax and MaxBiomass, 
which are the maximum annual net primary productivity and 
maximum total biomass that a species can biologically attain, 
respectively; and GrowthShape and MortalityShape, which 
define the rate at which a species reaches ANPPmax and the 
rate at which biomass declines as the species approaches lon-
gevity (senescence), respectively. The extension calculates the 
ANPP of each cohort as a function of the maximum biomass 
the site can support such that, in the absence of competition 

from other cohorts, ANPP increases with cohort age using a 
growth function that is defined by ANPPmax, slowing asymp-
totically as total site biomass approaches its maximum. The 
GrowthShape parameter defines how rapidly a given species 
approaches its maximum ANPP. A second function removes 
some of the accumulated cohort biomass to represent compe-
tition-related mortality at a rate that also reaches its maximum 
at maximum site biomass. A third function removes cohort 
biomass as the cohort approaches its longevity, with the rate 
defined by the MortalityShape parameter. In the following 
discussion, we outline how we derived these four parameters 
for UMRS tree species. 

We derived MaxBiomass and ANPPmax for each species 
by estimating the biomass of individual trees within the same 
forest inventory data used to define initial species-age-cohort 
distributions (see previous description). We used regression 
equations developed by Jenkins and others (2003) relating tree 
diameter to aboveground biomass. We then converted per-tree 
biomass to a unit area by estimating biomass under hypotheti-
cally ‘fully stocked’ conditions, using crown area estimates 
from Larsen and others (2010). This resulted in a hypothetical 
species maximum biomass in grams per square meter (MaxBio-
mass). Next, we estimated ANPPmax from MaxBiomass using 
regression equations developed by Keeling and Phillips (2007). 

AA1810 fig D5

0 20 40 60 80 100

Percent of ecoregion max biomass

1.0

0.8

0.6

0.4

0.2

0.0

Es
ta

bl
is

hm
en

t m
ul

tip
lie

r

EXPLANATION

Shade class 1

Shade class 2

Shade class 3

Shade class 4

Figure 4.5 User-supplied establishment coefficients (multipliers) as a function 
of an index of canopy closure (percent of ecoregion maximum biomass). The 
establishment of shade intolerant species (shade class 1) is reduced to 0 when 
a site reaches 20 percent or more of its maximum possible biomass. For shade 
tolerant species (shade class 4), establishment is reduced to 0 when a site reaches 
80 percent or more of its maximum possible biomass (see table D-2 for Upper 
Mississippi River species shade tolerance classes).
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To estimate the GrowthShape and MortalityShape 
parameters and make slight adjustments to MaxBiomass and 
ANPPmax, we compared the hypothetical plot-level biomass 
estimates associated with each tree’s age in the forest inven-
tory data with estimates derived from the LANDIS–II Site 
Utility (L2-Site; Miranda and Sturtevant, 2016; https://sites.
google.com/site/landismodel/projects/veg-site-tool). L2-Site is 
a Microsoft Windows-based utility that implements the cohort 
and biomass growth and senescence equations of the Bio-
mass Succession Extension (v3.2) for up to six species on a 
single site. We used the MaxBiomass and ANPPmax estimates 
described previously as starting parameters in the site utility, 
along with arbitrary starting parameters for GrowthShape and 
MortalityShape. We then iteratively simulated the growth of a 
single cohort of each species and adjusted each parameter so 
that time (age) specific biomass estimates would encompass 
the upper-bound of the empirical age-biomass data (fig. 4.6). 
Species-specific longevity estimates were first derived from 
Burns and Honkala (1990) and were later adjusted to reflect 
maximum species ages from the plot-data, if the estimated age 
was greater than that reported in the literature. 

Finally, we made slight further adjustments to some 
parameters for some species to achieve an approximate 1:1 
relationship between plot-level biomass estimates and those 
produced by the full LANDIS–II Biomass Succession Exten-
sion for year 0. The Biomass Succession extension uses a 

spin-up process to establish initial biomass estimates for each 
species-age cohort on the landscape. To do this, it begins 
simulating each cell at a time equal to the oldest cohort and then 
adds cohorts at a time corresponding to their age. Results from 
the spin-up process ought to differ from those developed using 
the L2-Site utility because the full model incorporates competi-
tion among multiple species-age cohorts for growing space. 
Using the initial community dataset described previously, we 
used the spin-up process to develop initial biomass estimates for 
each species by forest type and region and compared them with 
the empirical data (fig. 4.7). We used species-specific data for 
ACSA2 (silver maple), PODE3 (eastern cottonwood), and Salix 
spp (black and sandbar willow). We grouped CACO15 (Bit-
ternut hickory and Pecan), CALA21 (shellbark hickory), QUBI 
(swamp white oak), QUMA2 (bur oak), QUPA2 (pin oak), and 
QURU (red oak). All remaining species were grouped into the 
‘other’ group. Minor increases to the growth of Salix spp. were 
required from the initial parameters to achieve an approximate 
1:1 relationship. Minor decreases were required from the initial 
parameters to achieve an approximate 1:1 relationship for the 
Oak-Hickory species. Although the relationships are not 1:1 for 
all species groupings within all reaches, further adjustment of 
parameter estimates began to alter the biomass of other com-
peting species. The resulting parameter estimates represent a 
compromise among all species and yet provide a reasonable fit 
to the data (table 4.3). 
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Figure 4.6 Plots of age-biomass relationships for forest inventory data (dots) and simulated time-biomass 
relationships using the LANDIS–II Site Utility (see text for details). Species-specific parameters were 
developed by fitting the simulated results to the upper-bound of the plot-level estimates. 
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Figure 4.7 Relationships between mean (plus or minus a standard deviation) predicted 
biomass from LANDIS–II Biomass Succession and biomass estimated from forest inventory 
plots. The y-axis is the estimated observed biomass from forest permanent plot data for 
individual species or groups of species (see text) within a given forest type and reach of the 
Upper Mississippi River System (see figure explanation). The x-axis is the LANDIS–II simulated 
biomass for individual species or groups of species within a given forest type and reach of the 
Upper Mississippi River System. 
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Table 4.3 Final species-specific growth and mortality parameters.

[See table 4.2 for the complete names of species]  

Species ANPPmax BiomassMax
Growth 
shape

Mortality 
shape

ACNE2 450 18,000 17 0.4

ACSA2 2590 45,000 18 0.95

BENI 700 22,000 17 0.3

CACO15 1600 35,000 10 0.85

CALA21 1600 35,000 10 0.85

CEOC 1043 28,000 18 0.75

CEOC2 145 10,000 15 0.65

DIVI5 839 25,000 20 0.95

FOAC 145 10,000 15 0.65

FRPE 1043 28,000 15 0.8

MORU2 300 10,000 10 0.3

PLOC 2374 43,000 22 0.9

PODE3 2374 40,000 22 0.9

QUBI 1950 40,000 10 0.85

QUMA2 2000 39,000 18 0.95

QUPA2 2350 42,000 18 0.95

QURU 1950 40,000 10 0.85

SALIX 600 20,000 22 0.5

ULAM 750 24,000 20 0.6

Parameterizing Insect and Flood 
Disturbances

Within LANDIS–II, disturbances remove cohorts or a 
portion of cohort biomass from individual cells based on the 
spatial and temporal distribution of the disturbance and the 
susceptibility of different species and ages to the disturbance. 
For HNA–II, we focused on simulating disturbances known 
to cause tree mortality in the UMRS floodplain and for which 
it is reasonable to expect continued effects of the disturbances 
into the future. 

Insect Disturbance

There is widespread concern regarding the future effects 
of the introduced Agrilus planipennis (emerald ash borer 
[EAB]), in upland, lowland, and urban forests across North 
America (Anulewicz and others, 2007). Since it was discov-
ered in 2002, EAB has been responsible for the deaths of 
millions of ash trees in the Midwestern United States. Ash 
species are the only known hosts of EAB (Anulewicz and 
others, 2006, 2007) and complete mortality of infested trees 

of all size classes is expected within a decade (Siegert and 
others, 2014). Short-range dispersal of EAB is determined 
by how far an insect can fly, which has been reported to be 
near 1.7 kilometer (km) in a 24-hour period (Taylor et al. 
2010). Longer-range dispersal depends on the contiguity of 
ash trees (are they within the maximum flight distance) and 
human-aided transport. Longer-range spread rates for EAB 
in landscapes with a relatively continuous distribution of ash 
trees have ranged from approximately 4 kilometers per year to 
as fast as 40 kilometers per year when substantially aided by 
human transport (Straw and others, 2013). 

We simulated tree mortality due to EAB using the Base 
Biological Disturbance Agent extension (version 3.0.1) (Stur-
tevant and others, 2004). Base Biological Disturbance Agent 
simulates tree mortality following major outbreaks of insects 
and (or) disease. Insect outbreaks are probabilistic at the site 
(cell) scale, with each site assigned a disturbance probability, 
which is then compared to a uniform random number to deter-
mine if the site is disturbed. The disturbance probability at a 
site, in turn, depends on whether an insect host is present on 
a site. If a site is disturbed, species and cohort level mortality 
occur according to user-defined susceptibility parameters. 

We modeled the spread of EAB as though it was not 
dispersal limited (following Gustafson and others, 2017). 
Because the floodplain forests of the UMRS are highly frag-
mented (De Jager and Rohweder, 2011), it might be argued 
that the dispersal of EAB could be limited. However, single 
individuals can fly up to 6 km per day (Taylor and others, 
2010) which is a distance greater than a typical distance 
between forested islands in the UMRS. Furthermore, the 
lateral forested edges of the UMRS are typically connected 
to forested uplands, which also contain abundant host ash 
trees. Within the model, all age classes were considered to be 
suitable hosts for EAB. Annual susceptibility probabilities 
were set to 0.55 for age classes greater than 5 years, which 
corresponds to a 7-year cumulative mortality probability >0.99 
(Siegert and others, 2014). This worst case scenario resulted 
in the loss of ash species from the landscape within the first 
10 years of model simulations, but also resulted in continued 
establishment of new ash cohorts where light conditions were 
favorable. However, over the longer-term ash cohorts have a > 
99% probability of mortality by age 12. Our primary objective 
in simulating EAB disturbance was to understand how UMRS 
forests may respond to EAB outbreaks, rather than to under-
stand how EAB outbreaks occur.

Flood Disturbance

Flood inundation is a fundamental driver of successional 
patterns in floodplains. Past research has documented species-
specific differences in flood tolerance of UMRS tree species 
(Yin and others, 1993), and corresponding differences in 
spatial patterns of tree community composition (De Jager and 
others, 2012). For this effort, we developed a new extension 
for the LANDIS–II platform. The extension utilizes annual 
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maps of flood-inundation duration during the growing season. 
These maps were developed according to the methods outlined 
in appendix B. Each map was then used to influence tree 
survival based on how long species-age cohorts can tolerate 
inundation. 

We developed new statistical models for how the survival 
of tree cohorts relates to tree size (dbh) and the duration of 
flooding. To do this, we used tree mortality and duration flood-
ing data collected following the 1993 flood (Yin and others, 
2009). For simplicity, we first grouped species into three flood 
tolerance categories based on previous studies (Whitlow and 
Harris 1979; Yin and others, 1993) and used multiple logistic 
regression models to relate the mortality of species within each 
category to inundation duration during 1993 and the size of the 
stem (dbh) (table 4.4; fig. 4.8). We then used these equations to 
implement probabilistic mortality for each year, based on the 
distribution of annual flooding patterns within the model. 

The results of multiple logistic regression models indicate 
that all species tend to be highly susceptible to flood-induced 
mortality when they are small (young) and when subjected to 
increasingly long inundation durations (fig.4.8). Highly flood 
tolerant (tolerance = 3) species tend to have lower mortal-
ity rates across all size classes and inundation durations. The 
primary difference between species considered intolerant of 
flooding (tolerance = 1) and those considered tolerant of flood-
ing (tolerance = 2) occurs as these species age. Both types of 
species are highly susceptible to long inundation durations 

when they are young, but diverge in their tolerance as they 
age. The implication of these model results is that intolerant 
species remain susceptible to flood-induced mortality for a 
longer portion of their life than flood tolerant species.

We simulated a 100-year business-as-usual scenario for 
flooding effects by utilizing annual maps of total flood inunda-
tion duration during the growing season for each of the past 40 
years. These maps were then recycled for years 41–80, and the 
first 20 years were again recycled for years 81–100 to simulate 
a possible 100-year scenario. 

Data Analysis

We examined changes in total forest area and the area 
within the same four forest classes used to develop the initial 
communities. First, we used the maximum age of species-
cohorts at each site to identify areas that may have converted 
from forest cover to nonforest cover. Any cell that had a 
maximum species age of less than 10 was considered to be 
a site that did not support forest recruitment over the long-
term. Such cells were then removed from further analysis. To 
estimate the amount of forest cover in the four community 
types, we reclassified maps of total biomass by species. The 
sum of the biomass for the following species was used to 
determine the potential to include each pixel in the floodplain 

Table 4.4 Multiple logistic regression model parameters for different flood tolerance groups used in LANDIS-II modelling. The form of 
the logistic regression equation was Logit P = yint + (B1*Flood) - (B2*DBH).

[See table D–2 for the complete names of species]

Tolerance 
group

Species Yint
Yint  

P-value
B1

B1  
P-value

B2
B2  

P-value

Pearson 
Chi-square 

P-value

Likelihood 
ratio test 
P-value

Hosmer-
Lemeshow 

P-value

3
SALIX, 

CEOC2, 
FOAC

–1.45 0.001 0.00938 0.001 0.0698 0.001 0.393 0.001 0.939

2

ACSA2, 
QUPA2, 
FRPE, 
ULAM, 
QUBI, 
PODE3, 
ACNE2, 
BENI

–1.383 0.001 0.0229 0.001 0.128 0.001 0.001 0.001 0.001

1

QURU, 
CALA21, 
MORU2, 
QUMA2, 
CACO15, 
DIVI5, 
COEC, 
PLOC

–1.467 0.001 0.0179 0.001 0.0316 0.001 0.338 0.001 0.001
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Figure 4.8 Multiple logistic regression model results for mortality of three groups of species as a 
function of tree size (expressed here as age) and annual growing season flood inundation duration.  
More tolerant species generally have lower mortality rates for all flood durations and sizes. However,  
all species are generally more tolerant of inundation as they age. 
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forest class: silver maple (Acer saccharinum), American elm 
(Ulmus americana), green ash (Fraxinus pennsylvanica), 
river birch (Betula nigra), boxelder (A. negundo), American 
sycamore (Platantus occidentalis), and swamp white oak 
(Quercus bicolor). The sum of the biomass for the following 
species was used to define the lowland forest community type: 
red oak (Q. rubra), bur oak (Q. macrocarpa), swamp white 
oak (Q. bicolor), common hackberry (Celtis occidentalis), 
bitternut hickory (Carya cordiformis), and shellbark hickory 
(C. laciniosa). The species used to define the Populus com-
munity consisted of eastern cottonwood (P. deltoides) and the 
Salix community consisted of sandbar willow (S. interior) and/
or black willow (S. nigra). The forest type with the sum of 
the biomass that was greatest was then assigned to each pixel. 
Finally, total forest area was the sum of the area of all four 
forest types. 
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