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Preface

The Wetland Evaluation Technique (WET), Volume I, is a revision of the
Method for Wedand Functional Assessment, Volume I, authored by Mr. Paul
R. Adamus and Ms. Lauren T. Stockwell under contract to the Federal Highway
Administration (FHWA) in 1983. The FHWA publication is hereafter referred
to as Version 1.0. Revisions include modification of the organizational struc-
ture; incorporation of additional references; and incorporation of changes
suggestee ,,y numerous editorial reviewers.

WET is a joint product of the Wetlands Research Program (WRP) of the
Environmental Laboratory (EL), US Army Engineer Waterways Experiment
Station (WES), Vicksburg, MS, and the US Environmental Protection Agency
(USEPA) Environmental Research Laboratory (ERNL), Corvallis, OR. This
report was prepared by Mr. Adamus of NSI Technology Services Corporation,
under contract with the USEPA ERNL. Other authors include Ms. Stockwell,
Mr. Ellis J. Clairain, Jr., Dr. Michael E. Morrow, Dr. Lawrence P. Rozas, and
Mr. R. Daniel Smith of the Wetlands and Terrestrial Habitat Group (WTHG),
EL. The report was edited by Ms. Jessica S. Ruff of the WES Information
Technology Laboratory.

The work was sponsored primarily by the Headquarters, US Army Corps
of Engineers (HQUSACE). Partial funding for development of this technique
was provided by the FHWA under Order No. DTFH 61-84-Y-30025 to the
USACE and by the USEPA under Contract No. 68-C8-0006 to NSI Technology
Services Corporation. It has been subjected to peer review processes of both
the Corps and USEPA and has been approved for publication. The HQUSACE
Technical Monitors for the WRP were Mr. Joseph Wilson, Mr. E. Zell Steever,
Mr. David Buelow, Mr. James W. Wolcott, Mr. Phillip C. Pierce, and Mr. John
Bellinger. The Contracting Officer's Technical Representatives for the FHWA
were Messrs. Douglas Smith and Charles DesJardins.

Many agencies, organizations, and individuals contributed to the revision
of WET. Soon after the FHWA published Version 1.0, the US Fish and
Wildlife Service initiated a workshop sponsored by 17 Federal agencies to
review the method. An Interagency Wetland Values Assessment Coordinating
Group (IAWVACG), representing those 17 participating Federal agencies, was
formed to coordinate the workshop and provide recommendations. The IAW-
VACG continues to meet and has been instrumental in the development of WET.
The National Wetlands Technical Council held four regional workshops to
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WET Version 2.0

review Version 1.0 and recommend improvements. The USEPA sponsored
three workshops on bottomland hardwood wetlands which provided valuable
technical information relevant to the evaluation of those systems. The State of
Washington Department of Ecology held a workshop to examine the state of
understanding of wetland functions in the Northwest. A symposium held in
Portland, ME, by the Association of State Wetland Managers, Inc., provided
recommendations that improved WET. Version 1.0 has also been used in
Corps of Engineers training, and students have been instrumental in influencing
the development of WET.

The authors wish to thank Dr. James S. Wakeley, Dr. Thomas H. Roberts,
and Mr. Charles J. Newling of the WTHG, EL, who reviewed this document.
In addition, the authors wish to thank the following people for their contribu-
tions to this effort: Jon A. Kusler, Joseph S. Larson, Thomas Muir, Henry Sather,
William 0. Wilen, and Richard Young.

WET has undergone considerable review, reorganization, and revision
prior to publication; however, it is expected that it will continue to be
modified in response to further reviews, field use, and development of new in-
formation concerning wetland functions and values. Users are encouraged to
submit their comments to Mr. Ellis J. Clairain, Jr., US Army Engineer Water-
ways Experiment Station, ATTN: CEWES-ER-W, 3909 Halls Ferry Road,
Vicksburg, MS 39180-6199.

The work was monitored at WES under the direct supervision of Dr. Hanley
K. Smith and Mr. E. Carl Brown, Chiefs, WTHG, and under the general super-
vision of Dr. Conrad J. Kirby, Chief, Environmental Resources Division, EL.
Dr. Dana R. Sanders, Sr., Mr. Russell F. Theriot, and Dr. Robert M. Engler
were Managers of the WRP. Dr. John Harrison was Chief, EL. Project Officer
for the USEPA was Dr. Eric M. Preston.

At the time of publication of this report, Director of WES was Dr. Robert W.
Whalin. Commander and Deputy Director was COL Leonard G. Hassell, EN.

This report should be cited as follows:

Adamus, Paul R., Stockwell, Lauren T., Clairain, Ellis J., Jr., Mor-
row, Michael E., Rozas, Lawrence P., and Smith, R. Daniel. 1991.
"Wetland Evaluation Technique (WET); Volume I: Literature
Review and Evaluation Rationale," Technical Report WRP-DE-2,
US Army Engineer Waterways Experiment Station, Vicksburg, MS.

PRINTED ON RECYCLED PAPER
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Conversion Factors,
Non-SI to SI Units of Measurement

Non-SI units of measurement used in this report can be converted to SI
units as follows:

Multiply By To Obtain

acres 4,046.873 square meters

acre-feet 1,233.489 cubic meters

Fahrenheit degrees 5/9 Celsius degrees'

feet 0.3048 meters

inches 2.54 centimeters

miles (US statute) 1..09347 kilometers

pounds (mass) 0.4535924 kilograms

square miles 2.589998 square kilometers

1 To obtain Celsius (C) temperature from Fahrenheit (F) readings, use the following

formula: C - (5/9)(F - 32).
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1.0 Introduction

1.1 Overview of the Manual

Considerable need has developed for a wetland evaluation technique that
considers all wetland functions and can be employed rapidly, accurately, and con-
sistently. Although numerous methods were published prior to 1981, none
was considered adequate to meet the rapidly growing need (Lonard et al.
1984/*).1 In 1983, the Federal Highway Administration (FHWA) published a
two-volume manual on wetland functional assessment (Adamus 1983/*,
Adamus and Stockwell 1983/*). A consensus seemed to emerge that this
method was well documented, technically sophisticated, and comprehensive
in its coverage of the full range of wetland functions. However, some initial
users found the FHWA method to be complex, cumbersome, time consuming,
and sometimes confusing (Sather and Stuber 1984/*).

This manual, also in two volumes, represents a revision of the 1983 FHWA
method. Considerable effort has been made to simplify and clarify the presen-
tation of the method, now known as the Wetland Evaluation Technique
(WET). Volu .ne I provides updated background material and lays out the con-
ceptual basis for WET. Specifically, Chapter 2 of Volume I describes wetland
functions in terms of their processes and interactions with other functions.
Chapter 2 also provides a relatively comprehensive review of technical liter-
ture (mostly through 1987) on each of the functions, and considers whether
wetlands, in general, are likely to perform each function. In Chapter 3, the
predictors used for determining the probability ratings for wetland functions
are discussed. For each predictor, wetland types are ranked with respect to
their probability for performing a particular function, and reasons for this rank-
ing are discussed. Chapter 4 discusses the concept of wetland social sig-
nificance as it is used in WET.

References illustrate, where possible (a) where the study was performed, (b) wetland
type investigated, and (c) if the reference represents a literature synopsis. More detailed
information on the citation format is presented in Chapter 2.0.

WES TR WRP-DE-2, October 1991 Introduction



Chapter 1.0 1.2 Use of WET

Volume II (Adamus et al. 1987) outlines the steps required to implement
this method, and discusses its application and limitations in detail. Volume II
also includes documentation for a computer program designed to facilitate
data analysis in WET.

Development of these manuals reflects a national interest in wetlands.
In response, a number of Federal statutes and executive orders have been im-
plemented for the management and protection of US wetlands. Section 404 of
the Federal Water Pollution Control Act (Public Law 92-500) as amended is of
particular importance in that it gave the US Army Corps of Engineers
(USACE/*fo) the authority to regulate dredge and fill activities in "waters of
the United States." Executive Order 11990 (Protection of Wetlands), as
signed in 1977, established wetland protection as an official policy of the
Federal Government. Specifically, Executive Order 11990 stated that "Each
agency shall provide leadership and shall take action to minimize the destruc-
tion, loss or degradation of wetlands, and to preserve and enhance the natural
and beneficial values of v% etlands...." This Executive Order, however, does
not apply to the Corps of Engineers regulatory program. In implementing the
policy to "restore and maintain the biological, chemical, and physical integrity
of the Nation's waters" (Nation's waters include wetlands) as set forth in Sec-
tion 101 of the Clean Water Act (CWA), USACE regulations pursuant to the
CWA state that no permit will be granted for the alteration of wetlands that
perform functions important to the public interest except when proposed
benefits of the alteration outweigh any damage to the wetland resource (33
CFR 320.4(b)(4). In addition, many states have implemented policies or
statutes for wetland protection.

1.2 Use of WET

The 1983 version of this method was introduced to meet a relatively
specific need for wetland assessment by State and Federal highway depart-
ments. It became apparent that the method might be applied to a greater
variety and number of wetland assessment needs. In some cases attempts
were made to apply the technique to situations that were incompatible, or
beyond its designed capability. This led to criticism of the original method.

WET is a broad-brush approach to wetland evaluation, and is based on in-
formation about correlative predictors of wetland functions that can be
gathered relatively quickly. It is primarily intended for use by persons who do
not have ready access to an interdisciplinary team of technical experts on a
daily basis. Although WET lacks the region and site specificity and "common
sense" of a skilled professional, it is often more replicable, explicit, and
capable of tracking a wider range of variables and functions than can be nor-
mally evaluated by any single expert.

WET is designed to alert planners, regulators, and others to the probability
that a particular wetland performs specific functions, and also to provide

2 Introduction WES TR WRP-DE-2, October 1991



1.3 Relationships to Existing Methods for Evaluating Wetlands Chapter 1.0

insight as to the local, regional, and national significance of those functions.
It should not be used where questions regarding wetland functions must be
answered definitively. Ratings generated by WET merely provide one of
many inputs into the decision-making process. However, it is useful as a
screening tool zo decide whether or not one should resort to more quantitative
methods such as the Habitat Evaluation Procedure (HEP) (US Fish and
Wildlife Service 1980/*), the Habitat Evaluation System (HES) (USACE
1980/*fo), or further scientific study and analysis.

Under most circumstances, WET should not be used to decide whether or
not any mitigation is required. Rather, its purpose is to provide one perspec-
tive regarding how much mitigation effort is justified, after regulatory agen-
cies have decided whether or not mitigation is required in a particular case.

WET can be used to compare ratings of a wetland under various future
management or impact scenarios with its present ratings. However, users
must understand three important limitations of such use. First, predictions of
future physical and biological conditions must be accurate in order for WET to
make accurate predictions about functions in the future. Second, because
WET is built upon correlative variables rather than causative ones, postimpact
ratings should be screened carefully. Last, WET cannot anticipate the cumula-
tive impacts of various combined activities over time.

Subject to the precautions and guidelines specified fully in Volume II,
WET can be applied in individual permit applications, advanced identification
of important wetlands, selection of least-damaging alternatives, design and
monitoring of created/restored wetlands, and prioritization of wetlands for
detailed delineation efforts, acquisition, or research. Rapid assessment
methods offer a realistic tool for demonstrating consistent considerations of
many potential wetland values in situations where interdisciplinary expertise
is not available.

1.3 Relationships to Existing Methods for
Evaluating Wetlands

The development of this manual would have been more difficult were it
not for the existence of other methodologies for evaluating wetlands. Twenty
of these were critiqued in detail by Lonard et al. (1981, 1984/*). We acknow-
ledge drawing from, and hopefully improving upon, many of these sources.

Inevitably, the question arises: Why another procedure? The reasons are
many, but the most important may be summarized as follows: No wetland
evaluation methodology presently exists which (1) addresses all important,
presently recognized wetland functions and wetland types, (2) provides
specific guidance for estimating the effects of potential impacts, and
(3) specifically uses the US Fish and Wildlife Service (USFWS) wetland clas-
sification scheme. The importance of using the USFWS classification scheme

WES TR WRP-DE-2, October 1991 Introduction



Chapter 1.0 1.4 Wetland Classification

will be described in Section 1.4. The need for devising a single unified proce-
dure for addressing wetland functions should be apparent after considering the
many implicit trade-offs among wetland functions, as described in Chapter 2.
Other evaluation methods commonly address only specific functions. For ex-
ample, only wildlife and fisheries aspects of wetlands are considered by HEP and
HES.

1.4 Wetland Classification

Although compatible with most other definitions and classification
schemes of wetlands, this manual requires an understanding of the USFWS
classification system (Cowardin et al. 1979/*). For example, superficial read-
ing of Cowardin et al. (1979/*) has led some users to conclude that any wet-
land fringing a river is a "riverine wetland." In fact, many riverside wetlands
are considered "palustrine" by the USFWS definition.

The Cowardin et al. (1979/*) classification scheme is used for two reasons:

"* The FWS wetland classification scheme, when fully applied, is ex-
tremely sensitive to differences among wetlands. By using the clas-
sification system, over 100,000 distinct types of wetlands may be
distinguished.

" National Wetland Inventory maps, which are commonly used during
WET evaluations, use the USFWS wetland classification system.

Introduction WES TR WRP-DE-2, October 1991



2.0 Wetland Functions:
Processes and Interactions

Wetland functions are physical, chemical, and biological processes or
attributes of wetlands that are vital to the integrity of the wetland system, and
operate whether or not they are viewed as important to society. Values, on
the other hand, are wetland attributes that are not necessarily important to
the integrity of the wetland system itself, but are perceived as being valuable
to society.

WET evaluates wetland functions and values in terms of social significance,
opportunity, and effectiveness. Social significance is the value society places on
wetland functions and values as evidenced by their economic worth or official
recognition (see Chapter 4 for a more complete discussion of social significance).
Opportunity is the chance a wetland has to perform a specific function. For ex-
ample, a wetland that receives sediment has the opportunity to retain sediment,
and therefore can perform the function of sediment/toxicant retention, whereas a
wetland that receives no sediment has no opportunity to perform this function.
Effectiveness is the capability of a wetland to perform a function because of its
physical, chemical, or biological characteristics.

The 11 functions and
values addressed by WET Functions Values

are listed in a tabulation to Ground water recharge (GWR) Recreation (R)

the right. Ground water discharge (GWD)

Uniquenesa/
Although all 11 func- Floodflow alteration (FFA) heritage (U/H)

tions and values are evalu-
ated for social significance, Sediment stabilization ($8)
only floodflow alteration, SedimentAoxcaMt retention (S/TR)

sediment/toxicant reten- Nutrient removal/transformation

tion, and nutrient removai (NRJ)
transformation are assessed
for opportunity. All nine Production export (PE)

functions are evaluated for ef- Aquatic diversity/abundance (AD/A)
fectiveness. In addition,
habitat suitability is rated Wildlife dIversly/abundance (WD/A)

WES TR WRP-DE-2, October 1991 Wetland Functions: Processes and Interactions



Chapter 2.0

for individual species and species groups for Aquatic Diversity/Abundance
and Wildlife Diversity/Abundance.

This report does not devote equal attention to all these functions. Rather,
more detailed discussions are given for those functions that are more complex or
least understood. Each function is defined and discussed in terms of processes
and interactions with other functions and economic values. Interactions are also
summarized in Table 1. Consideration of these interactions is important to under-
stand that seldom can a single wetland provide all the functions and values
ascribed to wetlands generally.

Technical literature has been extensively cited in this report. To help en-
sure the validity of the information, most citations were drawn from a review
of the peer-reviewed literature. Secondary sources (e.g., theses, reports, other
"gray" literature) were used sparingly. Although many of these appear to con-
tain excellent data sets and analyses, their quality is more difficult to verify.

The statements found in the technical literature range from suggestive to
conclusive, and judgments of the underlying limitations tend to be very sub-
jective. Few studies objectively quantify the uncertainties involved in ex-
trapolating their conclusions to other wetland types or regions. Moreover, our
understanding of wetlands continues to evolve with time. Still, interim

Table 1
Interactions of Wetland Functions and Values (row and column functions In
the same wetland)(* = compatible, x = probable conflict, 0 = no significant
Interaction or effect Is unknown)

Interaction with

Function GWR GWD FFA SS S/TR NR/T PE AD/A WD/A R U/H

GWR 0 * 0 x 0 0 0 0 0

OWD 0 0 x x 0 0 0 0 0

FFA * x 1 0 . 0 0 0 0

SS 0 x " 0 x x x

S/TR 0 0 " 0 x x x

NR/T " 0 " x 0 0 x

PE x " 0 0 0 0 " 0 0

AD/A x " 0 0 0 0 " x

WD/A x " 0 0 0 0 x

R x 1 0 * x 0 0 " x

U/H 0 " 0 * 0 0 0 * 0

NOTE: Interactions are not necessarily symmetrical. For example, floodflow alteration is less effective in a
wetland that performs ground water discharge, whereas performing floodflow alteration does not necessarily
make a wetland less effective for ground water dischage.

6 Wetland Functions: Processes and Interactions WES TR WRP-DE-2, October 1991



Chapter 2.0

generalizations must be made if science is to find application in the policy
arena.

In general, wherever citations were included in this document, they support all
OR PART of the statement made. Where an inference was made, it was mainly
in situations where a wetland function had been studied in a different wetland
type (or lake). In these situations, we extrapolated results despite the possibility
that the various studies used different methods, involved dissimilar taxonomic as-
semblages, and had other discrepancies. In some extensive references, the par-
ticular page number is included in the citation to indicate specifically where the
information was obtained.

The number of citations has no bearing on the extent or quality of the
knowledge of that particular predictor. This is extremely important for two
reasons. First, lack of citation does not necessarily mean lack of knowledge.
Some relationships are so obvious or trivial that no one studies them (e.g., wet-
lands without outlets retain most of their sediment inputs).

Second, extensive listing of information sources does not imply that a broad
consensus of opinion exists that the wetland function is easily predicted, or that a
great deal is known. In reality, our understanding of the relationships of
rapid, landscape-level predictors to wetland functions Is very tenuous and
region-specific, although perhaps no more so than for some other ecosystems.
A major purpose of WET is to comprehensively present the knowledge of wet-
land functions in a comprehensive and systematic manner, so that available in-
formation for predicting functions can be rapidly accessed and investigated
further.

To reveal more about possible limitations of the cited literature as applied
to different wetland types, some references in Chapter 5 include additional in-
formation regarding (a) where the research was done (state, province, nation,
or continent abbreviation), (b) wetland type(s) investigated, if apparent from
the author's descriptions, and (c) whether the cited work is a discussion paper or
literature synopsis (indicated by a *) or is based primarily on original data,
reanalyzed, or modeled data. For the wetland type, the following abbrevia-
tions were used (modified from Cowardin et al. 1979/*):

E - Estuarine em a emergent

M - Marine fo - forested or scrub-shrub

P n Palustrine ab - aquatic bed

R - Riverine t - tidal

L - Lacustrine

For example, a citation that reads (/Man:Pem) indicates that the research
was conducted in Manitoba on a palustrine emergent wetland. A citation that
reads (/fo*) indicates a literature review pertaining to forested and/or scrub-
shrub wetlands, with no particular geographic focus.

WES TR WRP-DE-2, October 1991 Wetland Functions: Processes and Interactions



Chapter 2.0 2.1 Ground Water Recharge and Discharge

Also, as explained in the introduction to Chapter 3 and included in the Chapter
3 subheadings "Confidence in Ranking," we have described (and if possible,
documented) circumstances that could lead to different conclusions than the ones
stated. In some cases, only imagination seems to limit the possibilities, so we
have focused on those circumstances that seem most probable.

Finally, the user should be aware that although this manual considers those
functions most widely ascribed to wetlands, other functions and values may
occasionally deserve attention. These include, but are not limited to, the fol-
lowing: harvest of commercial timber, crops, and peat; grazing; extraction of
mineral resources; aquaculture; waterborne commerce; urban development; al-
teration of local, regional, and world climate; importance to the sulfur cycle
and oxygen production; retention and detoxification of heavy metals and other
hazardous substances that are not necessarily adsorbed to sediment particles;
and importance to insects and disease vectors.

2.1 Ground Water Recharge and Discharge

2.1.1 Definition

Ground water recharge (Figure 1) is the movement (usually downward) of
surface water, whereas ground water discharge (Figure 2) is the movement
(usually laterally or upward) of ground water into surface water (e.g., springs).
Shallow recharge and minor ground water discharges are sometimes termed
leakage or seepage. When discharge to streams occurs during dry seasons, it
is termed low (or base) flow augmentation. This manual does not differentiate
between shallow, lateral, and deep recharge. Shallow and lateral recharge are
local phenomena of direct value to fewer water users than deep recharge,
which is more pertinent to' regional ground water systems.

The little information avail-
able on ground water exchange

GROUND WATER RECHARGE relationships of wetlands is lar-
gely contradictory, suggesting a

.. need for highly site-specific
analyses. For recharge, adjacent
undeveloped uplands are usually,
but not always, more important

AQ7 A UIf•ER ,, .... than wetlands. No inherent wet-

* MOVEMENT OF SURFACE WATER INTO GROUND WATER land characteristic encourages
* VALID IF RECHARGE DISCHARGE AND/OR recharge or discharge.

WETLAND RECHARGE . TERRESTRIAL RECHARGE

In a sample of 63 glaciated
Wisconsin lakes, many of them

Figure 1. Schematic representation of dominated by wetland vegeta-
ground water recharge tion, Born et al. (1979/WI:L)

8 Wetland Functions: Processes and Interactions WES TR WRP-DE-2, October 1991
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reported that about 20 percent recharged
ground water to some degree on a net GROUND WATER
annual basis. Moreover, prairie potholes DISCHARGE
studied by Lissey (1971/Man:Pem) were
more important than uplands for recharge.
Of four potholes studied by LaBaugh et al.
(1987/ND:Pem), one recharged ground
water and two predominantly discharged M OF UNB WATER

ground water. Recharge of ground TO SURFACE*COIm~l FUNCTION

water by wetlands has also been docu- "wE IS Mi.Y LWTo

mented by Wood and Osterkamp AUS•METATIN

(1984), Mills and Zwarich (1986/
MAN:P), and Siegel (1988a/AK:P).
Some seasonally flooded wetlands
adjacent to riverine systems, which are Figure 2. Schematic representation of
frequently scoured of impermeable ground water discharge
sediments that otherwise inhibit ground
water movement, may be more important than uplands for net annual
recharge. Intermittently flooded wetlands were implicated as a major recharge
mechanism in an Arizona riverine system (Hanks et al. 1981/AZ:R). It is im-
portant to realize that the recharge function of wetlands has been inadequately
studied and in some regions has apparently been totally unmeasured by sys-
tematic water budget studies.

Existing data suggest that wetlands are commonly important ground water
discharge areas (Carter and Novitzki 1988/VA,NY:P), but discharge is general-
ly so minor that few wetlands augment base flow (Carter et al. 1979/*; Siegel
1988a/AK:P,E). This is because most of the discharge to streams probably
originates from the shallow upper layer of the water table (O'Brien 1977/
MA:P, Schwartz and Milne-Home 1982) and occurs during wet seasons when
streams least need it. Much discharge during dry seasons may be lost through
evapotranspiration (Verry and Boelter 1979/*P). In fact, in a study of Wiscon-
sin wetlands, Novitzki (1979/WI) found that wetlands as a whole worsened
low-flow conditions. Several studies (Bay 1969/MN:P; Woo and Valverde
198 1/ONT:Pfo; Eli and Rauch 1982/WV:P) indicate little effect on base flows
that can be attributed to wetlands, except possibly in the case of an unusually
long drought, or during the hours immediately following a storm. Neverthe-
less, many wetlands with minimal erect vegetation located in humid regions
of very low potential evapotranspiration, and having basin morphologies con-
ducive to storing large amounts of water, probably have some capacity for aug-
menting low flows. For example, in a study of 38 Minnesota drainage basins,
Ackroyd et al. (1967/MN:R) concluded that lakes and wetlands, in general,
augment flow by means of temporary surface storage of run-off, followed by
release to streams via ground water flow. Low-flow augmentation by wet-
lands was also documented in a paired-watershed study in southern Ontario
(Bertulli 1982/ONT:fo).
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2.1.2 Processes

The processes or factors affecting ground water movement are as follows:

"* Ground water flow rates and storage capacity.

"* Direction and location (within the wetland) of ground water movement.

"* Evapotranspiration.

Ground Water Flow Rates and Storage Capacity. The movement of
ground water to or from a wetland depends primarily upon (1) the elevation of
the wetland relative to the ground water (elevation head), (2) the mass and
pressure of water (pressure head), and (3) the physical characteristics and fric-
tional resistance of the sediments and underlying strata (hydraulic conductivity).
The elevation head is influenced by changes in the landscape which constrict
flow. Wetlands that discharge through constricted outlets between steep
slopes may have large elevation heads, as may wetlands caused by dams.
Other situations that have resulted in a wetland being topographically "per-
ched" generally increase the elevation head. In contrast, marine and estuarine
wetlands have little elevation head (except as a temporary result of tides), and
hence have little recharge value (Clark and Clark 1979/*).

Pressure head is influenced in a downward direction by the mass of water
and in an upward direction by confined ground water flow caused by underly-
ing strata (e.g., artesian springs). Larger wetlends (i.e., greater water volume)
have greater pressure head, other factors being ciual. The effects of the eleva-
tion and pressure heads combined result in a hydraulic gradient.

Hydraulic conductivity can be influenced by the physical aspects of the
sediments such as porosity, transmissivity, permeability, and storage capacity.
Ground water moves best through coarse sands or gravels and successively
slower through fibric peats, deep sapric peats, and clays (Mitsch and Gos-
selink 1986:72/*). Although rooted wetland vegetation may enhance per-
meability of compacted bottom sediments (Eisenlohr 1966/ND:Pem), the
more usual effect is that as vegetation dies, it accumulates and forms an or-
ganic layer that is less permeable to ground water exchange. This may even
isolate or seal a basin from the ground water. However, Born et al. (1979/
WI:L) reported significant ground water recharge from a lake with a 20-foot1

thickness of unconsolidated organic sediments and significant discharge into a
wetland with a 50-foot thickness of organic sediments. Sediments of high clay
content are usually more effective seals. In such situations, most ground
water exchange may be along wave-exposed shorelines where less clay is
present.

I A table of factors for converting non-SI units of measurement to SI (metric) units is

presented on page vii.
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2.1 Ground Water Recharge and Discharge Chapter 2.0

Direction and Location of Ground Water Movement. The water in a
wetland represents the component inflows of net precipitation, upland run-off,
flowing surface water, tidal inflow, and ground water discharge, balanced
against outflows of ground water recharge, evapotranspiration, surface water,
tidal outflow, and possibly consumption. Not all wetlands have all of these
inputs and outputs. Some wetlands (seepage wetlands) are dominated by
ground water inputs and/or outputs, whereas others (drainage wetlands) are
surface water-dominated (Birge and Juday 1934/WI:L, Born et al. 1979/WI:L).

The role ground water plays in the hydrologic budget depends upon the
physical position of the wetland with respect to the water table. Both ground
water discharge and ground water recharge occur when the water table inter-
sects the surface water of a wetland. When the wetland is perched above the
water table, only ground water recharge is possible. Perched wetlands tend to
be only seasonally wet (Novitzki 1979/WI).

The following situations (each occurring within the same wetland) are pos-
sible (Born et al. 1979/WI:L):

* Discharge in shallows with recharge in deeper areas.

• Recharge in shallows with discharge in deeper areas.

* Shallow flow-through (discharge at one end of the basin, recharge at
the other) with discharge or recharge in deep areas.

* Deep flow-through with shallow discharge or recharge.

Ground water flow may enter or leave a wetland at any point, but in wetlands
that are wider than the thickness of underlying porous sediments, most significant
movement (usually discharge) will likely occur where vegetation is absent, usually
along wave-scoured, unstable sandy shorelines (McBride and Pfannkuch
1975/MN:L). Locations of recharge and discharge within the basin, as well as
the overall magnitude of recharge and discharge, frequently vary by season and
from year to year (Widliams 1968; Lissey 197 1/Man:Pem; Lichtler et al. 1976/
FL:L; O'Brien 1977/MA:P; McKay et al. 1979/IL'P,R Winter and Carr 1980;
Siegel 1981/MN:P; Wilcox et al. 1986). Wetlands with a shrubby fringe may
"recharge" in their shallow areas during the growing season to compensate for
water lost from the shoreline soils by transpiring shoreline shrubs. Such
lateral movement, although ecologically important, is usually of minimal value to
replenishing other wetlands and regional aquifers of interest to society for
water supply.

Evapotranspiratlon. Evapotranspiration refers to the combined processes
of evaporation and plant transpiration. The role of transpiration becomes ob-
vious as wetland water levels increase after removal of timber and as they
fluctuate under normal circumstances on a diurnal basis (Wharton 1970/*fo).
Transpiration is greatest during the growing season and during daylight hours.
Densely vegetated wetlands are thought to lose water faster (through trans-
piration) than sparsely vegetated wetlands, and consequently have less water
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available to augment low flows or recharge ground water (Miller 1965/NJ:P,
Bay 1967/MN:P, Meyboom 1967/MAN, Hutchinson 1975/*L,' Verry and Boel-
ter 1979/*P). In Florida, emergent wetlands apparently lose water at a faster
rate than open water (Brown 198 I/FL:Pfo). Cattails 2 and waterhyacinth have
been reported to transpire two to three times the amount of water evaporated
from adjacent open water.

Many studies were not based on in situ measurements, and therefore may
not be reliable (Idso 1981/*, Winter 1983). Also, some recent studies indicate
that in many situations wetland vegetation contributes little, if any, to water
loss on a net annual basis (Gessner 1959, O'Brien 1977/MA:P, Fetter 1980/*,
Idso 1981/*, Bertulli 1982/ONT:fo). In some instances where open water is
prevalent (Idso 1981/*), and in regions with short growing seasons, wetland
vegetation with a substantial underlying litter layer actually enhances storage
(Odum 1970b/*E) on a net annual basis. It does so by reducing temperature
(by shading) and wind speed, which would increase evaporation (Eisenlohr
1966/ND:Pem, Hickok et al. 1977/MN:P, Mitsch et al. 1977/IL:fo), and by
intercepting snow and concentrating snowmelt.

2.1.3 Values and Interactions With Other Wetland Functions

Floodflow Alteration. Ground water recharge may help desynchronize flood
peaks. However, wetlands which discharge ground water when saturated with
run-off do not significantly lessen flood peaks, and may even increase them
(Young and Klawitter 1968/*fo).

Sediment Stabilization. Ground water discharge can have a destabilizing
effect on some steep shorelines (Gray 1977) and streambed sediments (Har-
rison and Clayton 1970/AK:R). However, because ground water in northern
regions is generally warmer in winter than ambient water temperatures, dis-
charge may also keep shorelines free of potentially erosive ice for longer
periods. Also, aquatic vegetation encouraged by moisture made available by
discharge in dry regions may help anchor the shoreline.

Sediment/Toxicant Retention. Ground water discharge normally has only
a localized effect, possibly discouraging the settling of fine sediments. Re-
charge might reduce turbidity of downcurrent areas, as surface waters perco-
late through underlying sediments.

Nutrient Removal/Transformation. Ground water exchange may
profoundly affect wetland water quality, particularly in noncontiguous basins.
Ground water discharge may either improve or degraie water quality,

1 For the common reed, the ratio has been reported to be as high as 7 to I (Hutchinson
1975/*L).
2 Common names of organisms are used throughout this document; the corresponding
scientific names are listed in Appendix A.
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depending on evaporation rates, geology of underlying strata, and rate of dis-
charge. Hull et al. (1981/FL) determined that the water quality of the Suwan-
nee River, Florida, was controlled in the headwaters by surface flow from
wetlands, and in downstream reaches by ground water discharge. Ground
water discharge may aggravate salinity problems in prairie pothole wetlands,
and transport nutrients into lakes (Loeb and Goldman 1979/CA:L, Winter
1983) and estuaries (Sewell 1982/AU:E, Johannes and Hearn 1985/AU:E).
Removal of nutrients may also occur, however, via denitrification and filtra-
tion as wetland waters pass through the ground water system.

Production Export. By potentially extending the growing season in nor-
mally ice-covered waters, and increasing the availability of soil moisture and
dependability of flows downstream, ground water discharge might increase
net annual primary productivity and the sustained export of nutrients. Where
ground water exchange with a wetland is great, seasonal stabilization of water
levels may benefit some wetland plants. However, primary productivity may
decline in some systems dependent upon regular fluctuations (e.g., bottomland
hardwoods), resulting in reduced production export. Fluctuating water levels
are more characteristic of ground water recharge basins (Sloan 1979/ND:
Pem). Ground water discharges, being more alkaline than surface waters in
most regions, may also increase the capacity of surface waters to buffer the ef-
fects of acid precipitation, and as a result help maintain productivity.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance. Dis-
charge is important not only for maintaining low flows essential to fisheries,
but also for maintaining vegetation and drinking water for wildlife. Seepage
discharged through gravel is essential to spawning and rearing of salmonid
fishes (Scarnecchia 1981, Bilby 1984). In summer, springs provide a cool
refugium for salmonid fish; this is particularly important in wide rivers and
developing watersheds where natural sources of shade are limited. Discharging
springs often keep important northern wetlands free of ice for long periods in
winter, increasing their use by waterfowl. Discharge in areas such as the
prairie potholes region maintains the quality of vital waterfowl breeding areas
(Swanson et al. 1983/ND:Pem). Elevated water hardness levels associated
with discharge reduce the toxicity of many chemicals. A disproportionate
number of rare plant species is found in ground water discharge wetlands
(e.g., springs, seeps, fens), especially in calcareous regions (Williams and
Dodd 1979).

Ground water discharge in coastal estuaries may be a key regulator of salinity
at the microscale. Salinity determines where many fish larvae will survive and
grow. Discharge of ground water is generally less variable on a yearly and seasonal
basis than surface run-off, and thus may be an important determinant of the nurs-
ery value of poorly flushed estuarine microhabitats (Welsh et al. 1976/*E).
Ground water discharge, most entering within 300 feet of the shore, was es-
timated to account for 10 to 20 percent of freshwater input to a large coastal
bay (Great South Bay, New York) (Bokuniewicz 1980/NY:M).
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Recreation. Discharge may help maintain base flows essential to water
sports.

Uniqueness/Heritage. The effects of ground water recharge or discharge
on the uniqueness/heritage aspects of wetlands depend on the situation.

2.1.4 Direct Economic Significance

Recharge, measured on a net annual basis, is important for replenishing
aquifers used for water supply, particularly in situations where aquifers are
threatened by drought, overuse, contaminants, or saltwater. Recharge from wet-
lands in a 1,600-acre prairie pothole area was estimated to provide 12 acre-feet
to the aquifer, enough to support 1,699 head of cattle for I year (Hubbard and
Linder 1986/SD:P). Discharge may also be critical for maintaining soil mois-
ture in ard agricultural regions. In scattered instances, recharge from wetlands
may discolor or impart an unpleasant taste to aquifer waters, and discharge
may create soil chemical conditions detrimental to cultivation.

2.2 Floodflow Alteration

2.2.1 Definition

Floodflow alteration (Figure 3) is the process by which peak flows from
run-off, surface flow, ground water interflow and discharge, and precipitation
enter a wetland and are stored or delayed in their downslope journey. Flood-
flow alteration also includes floodflow desynchronization, which is the process
by which flood waters are stored in numerous wetlands within a watershed, and
then gradually released in a staggered manner. This gradual release usually
results in more persistent flow peaks downstream. Storage may be measured
in seconds or in months, reduction of high-water levels associated with peak
flows in fractions of an inch or in feet, and diminution of flooded area in
square feet or square miles. Not included in this Section is flood damage
caused by waves or storm surges. These topics are addressed in Section 2.3
(Sediment Stabilization).

Anywhere a depression of any size occurs in the landscape, some quantity
of water can potentially be stored on the surface and/or in underlying sedi-
ments. Because many depressions in the landscape will contain wetlands (at
least periodically), wetlands not already filled to capacity with surface water
are usually effective for flood storage (Carter et al. 1979/*, Clark and Clark
1979/*, Novitzki 1979/WI). However, many wetlands quickly become saturated
and filled to capacity, especially in developed watersheds, in the lower
reaches of watersheds, and in watersheds with little wetland acreage (see
Chapter 3). Undeveloped terrestrial environments, despite their steeper slope,
occasionally have greater flood storage value (i.e., greater recharge and less
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runoff) than wetlands, particularly where
the permeable and unsaturated nature of
terrestrial soils is sufficient to offset
their greater slope (e.g., Young and FLOODFLOW ALTERATION..
Klawitter 1968/*fo, Chamberlain 1982/*, .
Schwan 1985/*), or where their vege-
tative cover is sufficiently extensive to
desynchronize run-off by frictional 7_

drag and dissipate flood waters by
evapotranspiration. "M .-.

The evidence for a significant flood-
flow alteration capacity of wetlands is
not unequivocal, and the relative effec-
tiveness of wetlands for this function
may be region-specific. A simulation
analysis of the lower Ohio River Figure 3. Schematic representation of
revealed no change in flood height even floodf low alteration by wetland areas
when floodplain storage was eliminated
and roughness was decreased by 20 per-
cent (Johnson and Senter 1977). Empirical analyses conducted in several
states have found that upstream storage in lakes, wetlands, and floodplains is
a statistically significant but relatively weak predictor of downstream surface
hydrology (e.g., Spear and Gamble 1964, 1976; Price 1977; Whetstone 1982;
Eli and Rauch 1982/WV:P).

However, several other empirical studies (e.g., Conger 1971/WI, Kloet
1971/ND, Moore and Larson 1979/MN:Pem, Novitzki 1979/WI, Rannie 1980,
Ammon et al. 198 1/FL:P, Brun et al. 1981/ND) and computer simulation
analyses (e.g., Campbell and Johnson 1975, Bedient et al. 1976/FL, Dybvig
and Hart 1977, Moore and Larson 1979/MN:Pem, Flores et al. 1981, Brown
and Sullivan 1988/FL:P) have supported the importance of wetlands (or wet-
lands plus lakes) for altering floodflows. Some of these have indicated that the
consequences of wetland loss are most severe if wetland filling occurs in situa-
tions where other wetlands/lakes comprise less than about 10 percent of the water-
shed area above the point of flooding.

One of the geographically broadest, landscape-level studies of the sig-
nificance of surface storage was that of Thomas and Benson (1970).
Decreased storage (i.e., decreasing percent of total watershed occupied by
"lakes and swamps") was determined to be a significant correlative of the fol-
lowing stream hydrologic conditions:

* In the Eastern United States (n = 41 watersheds, Potomac River
Basin only):

0 increased annual peak discharge recurring at 10-, 25-, and
50-year intervals
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" decreased average streamflow in November, December, January,
and July

"O decreased year-to-year variability of July streamflow

"* In the Southern United States (n = 42 watersheds, mainly Louisiana
Pine Hill region)

"O increased annual peak discharge recurring at 1.2-, 2-, and 5-year
intervals

" increased magnitude of 7-day scouring streamflow that occurs at a
2-year interval

" increased year-to-year variability of January streamflow

" In the Western United States (n = 44 watersheds, California's Central
Valley only)

0 decreased magnitude of 7-day scouring streamflows that recur at
intervals of 2, 10, and 20 years

0 decreased magnitude of 3-day scouring streamflows that recur at
intervals of 10 and 20 years

0 decreased mean monthly streamnflow

0 decreased mean streamflow in June and July

0 decreased year-to-year variability of June and July flow

" In the Central United States (n = 41 watersheds, mostly Kansas; the

storage variable in this case was decreased "alluvial soils area")

0 increased mean streamflow in March and April

0 increased year-to-year variability of annual flows

Storage capacity of prairie wetlands was estimated at 12 inches per acre
(Kloet 1971/ND) and sonletimes can be many times that amount (Hubbard
and Linder 1986/SD:P), depending on prior degree of saturation of wetland
soils and type of underlying ground water connection. Another study in the
pothole region found that wetlands collectively could store 72 percent of the
total run-off volume from a 2-year frequency run-off event and 4 percent from
a 100-year event (Ludden et al. 1983/ND:P).

In New England, a simulation of the Connecticut River indicated that a

10-percent reduction in floodplain storage would increase flood height by
I foot; a 20-percent reduction would cause a 7-foot increase (Dewey and
Kropper Engineers 1964). For the Charles River in Massachusetts, a simula-
tion model by the Corps of Engineers indicated that downstream flooding
could be more effectively reduced by preventing floodplain encroachments
than by constructing control works.

The social significance of these figures depends on site-specific conditions,
such as proximity and type of dwellings along the shoreline, and the size and
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frequency of flood that can be expected. In Florida, storage of 166 acre-feet
per square mile of development was adequate to reduce flood peaks to
predevelopment levels (Wycoff and Pyne 1975/FL).

Nevertheless, in most instances, wetlands are more effective than
developed terrestrial environments for flood storage and desynchronization
(Clark and Clark 1979/*, Novitzki 1979/WI). Comparisons of watersheds
before and after wetland drainage (Brun et al. 1981/ND) and region-wide
studies of multiple watersheds with drained versus undrained wetland acreage
(Moore and Larson 1979/MN:Pem) both strongly suggest the importance of
wetlands for desynchronization of peak flows.

Of course, storing water almost inevitably means that unflooded areas ad-
jacent to the storage wetland will be flooded at the expense of protecting
,jownstream areas. This reduces the potential for cropland and. other uses ad-
jacent to the wetland. However, the economic consequences of slightly flood-
ing each small storage wetland are usually proportionately less than if flows
are combined and their cumulative effect is allowed to occur downstream.

Ultimately, the question arises as to whether the amount of water stored by
wetlands is significant in terms of minimizing downstream property damage.
Most estimates suggest that few wetland watersheds, and fewer individual wet-
lands, are capable of significantly desynchronizing flows from very severe
(e.g., 50- or 100-year probability) floods, which are responsible for most
property damage (Clark and Clark 1979/*). A single study from the lower por-
tion of a southern watershed with extensive forested wetlands suggested that
storm-flow flooding was more severe and flashy (i.e., greater hourly fluctua-
tions) than in a watershed with less wetland acreage (Young and Klawitter
1968/*fo). Nevertheless, by being poor sites for development, wetlands inhibit
other land uses which would be susceptible to flood damage.

Flood storage, as defined in this manual, is significant only in palustrine,
lacustrine, and upper riverine wetlands. Marine, estuarine, and lower riverine
wetlands sometimes reduce coastal flooding by desynchronizing runoff or
storm surges, but they could aggravate it if tidal conditions are right (Clark
and Clark 1979/*, Carter et al. 1979/*). Wetlands also dissipate the energy of
waves and currents which cause flooding. This is discussed in Section 2.3.

2.2.2 Processes

Major processes or factors that affect floodflow alteration are:

"* Magnitude and duration of storms.

"* Run-off from upslope areas.

"* Above-ground storage capacity.

"* Frictional resistance.
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"* Below-ground storage capacity.

"* Position of wetland in the watershed.

Magnitude and Duration of Storms. The intensity and duration of storm
events directly influence the amount of run-off from a wetland. Wetlands in
watersheds characterized by high-intensity, short-duration storm events (often
termed "flashy" watersheds) are more likely to receive flood waters than wet-
lands in watersheds characterized by more attenuated run-off (e.g., extensive
snow-melt, rainfall of long duration).

Run-off from Upslope Areas. Flood waters enter the wetland as run-off
and ground water discharge. Run-off is most likely to reach wetlands in sub-
stantial quantities when drainage areas are large and have steep slopes, shal-
low or impervious soils (e.g., clay or frozen), sparse vegetative cover (less
opportunity for evapotranspirative loss), channelized tributaries, and landuse
practices that do not incorporate conservation practices. Wetlands can store
peak flows most effectively if the flows enter gradually (e.g.,where the
drainage area has gentle, vegetated slopes and deep permeable soils), and if
the drainage area is small relative to the size of the wetland. Watershed
development is associated not only with wetland drainage, but also with in-
creased coverage by impervious surfaces, which results in increased run-off.
For example, peak flows increased "significantly" in the Oregon coastal range
when roads (unpaved) occupied over 12 percent of the watershed area (Harr
et al. 1975/1R:fo). In Florida, storage of 166 acre-feet per square mile of
development was needed to reduce flood peaks to predevelopment values
(Wycoff and Pyne 1975/FL).

Above-Ground Storage Capacity. Storage (as surface water) of flood
waters depends primarily on the morphology of the wetland. The volume of
water that can be stored depends on the type and location of any outlets. Of
course, wetlands without outlets must store all incoming water, often resulting
in considerable surface expansion. If an outlet is present, one that is con-
stricted and located high in elevation relative to the wetland will store more
water.

Frictional Resistance. Desynchronization of peak flows depends on their
being slowed not only by channel constrictions, but also by frictional resis-
tance from the bottom. Frictional drag and the potential for desynchronization
will be greatest where: (1) the wetland is wide enough to intercept most of
the flow, (2) the density of wetland vegetation or other obstructions (e.g.,
boulders, logs, hummocks) is great, (3) the rigidity of obstructions is adequate
to resist flood velocity, and (4) vegetation or obstructions are not deeply sub-
merged by flood waters. Desynchronization of run-off, as partly determined
by frictional resistance of wetland vegetation, may be most capable of mediat-
ing downstream floodflows when it occurs in headwater wetlands (Flores et
al. 1981), whereas in downstream wetlands the storage process may be more
important than any desynchronization effect (Ogawa and Male 1983/*MA).
In low-relief landscapes, headwater areas represent 30 to 50 percent of the
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landscape, and wetlands (mostly noncontiguous ones) comprise at least 30 per-
cent of the total watershed; in high-relief watersheds, headwaters are propor-
tionately small, and wetlands (mostly contiguous and riverine ones) comprise
less than 10 percent of the total watershed (Brown and Sullivan 1988/FL:P).

Below-Ground Storage Capacity. Sediments underlying wetlands nor-
mally are saturated or impervious, and therefore have little capacity to store
flood waters. However, if large areas are exposed to frequent water-level fluc-
tuations (e.g., due to artificial manipulation or "flashy" runoff events), sedi-
ments may be unsaturated when floodwaters rise, and some below-ground
storage capacity may exist. Under such conditions, and especially if water-
retentive vegetation predominates (e.g., unsaturated moss wetlands), the wetland
may act for short periods like a sponge. In most situations, below-ground storage
capacity is less than above-ground capacity.

Position of Wetland in the Watershed. If wetlands "high" in the water-
shed have been drained, detention of floodwaters by wetlands along the main
stem "low" in the watershed might, at least theoretically, aggravate flooding
by helping synchronize local run-off with surface flows arriving from higher
in the watershed. Simulation of a hypothetical 10-square mile watershed indi-
cated that detention basin networks are more effective if located in the upper
40 to 80 percent of a watershed than in areas farther downstream (Flores et al.
1981).

However, wetlands along streams low in the watershed (fifth-order streams)
were found by Ogawa and Male's (1983/MA:P) simulation studies to reduce
flooding over a greater downstream area (exceeding 8 miles) than wetlands
associated with first- through third-order streams, which reduced downstream
flooding significantly only over an approximately 2-mile reach. Further, wet-
lands low in the watershed were important regardless of the total amount of
other storage available in the watershed, while individual wetlands high in the
watershed (stream order 1 and 2) ceased to play a major role in floodflow at-
tentuation as soon the acreage of other wetlands above them in the watershed
exceeded 7 percent of the total (Ogawa and Male 1983/*MA).

2.2.3 Interactions With Other Wetland Functions

Ground Water Recharge, Ground Water Discharge. Flood storage in-
creases the probability for ground water recharge. However, recharge to
economically and ecologically important aquifers is less likely when
floodflows are retained only briefly within a wetland. Storage of water in
upstream wetlands may result in recharge, with the possibility for subsequent
discharge to wetlands downslope. However, if trapping of fine sediments also
occurs with flood storage, recharge to underlying aquifers may be reduced.

Sediment Stabilization. Flood storage reduces the need for shoreline
anchoring in downstream areas. However, within the wetland where flood
waters are being stored, a significant need for this function may still exist.
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Sediment/Toxicant Retention. Flood storage greatly enhances the imme-
diate sediment trapping capability of a wetland. However, over long periods
of time, sediment trapping in upper watershed wetlands may reduce the sedi-
ment storage capacity of these wetlands, while maintaining storage capacity in
the lower watershed where it is needed less. This may lead to synchronization
of drainage from the upper watershed with peak run-off from the lower water-
shed, thus increasing the flood peaks in the lower watershed.

Nutrient Removal/Transformation. Flood storage enhances nutrient
retention by providing the opportunity for sediments and associated nutrients
to settle and be deposited in the wetland.

Production Export. Flood storage and production export seem to be in-
compatible because when flood waters are retained, so are nutrients (at least
those in particulate form). Desynchronization and attenuation of peak flows
limit scouring of downstream areas, which is necessary for effective nutrient
export to downstream food chains. On the other hand, by desynchronizing
and prolonging flows and the organic material they carry, upstream wetlands
allow detrital foods to be processed by a wider variety of organisms, and en-
sure freshwater flows to estuaries over a longer portion of the year. Both of
these consequences could result in increased downstream value of production
export.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance. The ef-
fect of this function is variable. Flood storage provides feeding and nesting
areas for aquatic furbearers, waterfowl, and wading birds. However, for a wet-
land to be most effective for flood storage, its permanent pool must be very
small, and this, coupled with major fluctuations in water level, may be un-
desirable for fish and wildlife. Nonetheless, gradual release of stored water is
usually more beneficial to fish and wildlife downstream than sudden and large
peak flows, although such peak flows may be necessary for dispersal and ger-
mination of some wildlife plant foods, upstream migration of fishes, flushing
of silt from spawning gravels of some fishes, and enrichment of riparian soils.
Peak freshwater flows to estuaries may actually increase the inflows of saline
waters along the bottom, and can enhance the transport of larval and juvenile
fishes and crustaceans (Weinstein et al. 1980/NC:E).

Recreation, Uniqueness/Heritage. The interaction of floodflow alteration
with this function will depend on the situation, although under most cir-
cumstances they will probably be compatible. For example, canoing through
a bottomland hardwood forest can only be accomplished when the wetland is
flooded. However, storage of flood waters may make some sites in wetlands
temporarily unavailable to recreationists, scientists, educators, and tourists.

2.2.4 Direct Economic Significance

Government payments for flood-related disaster assistance total millions
of dollars annually, and several billion more have been invested in structural
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measures to control floods. In North Dakota alone, annual flood damage to
highways, railroads, crops, and property averages $100 million (Cemohous
1979/ND). The economic significance of flood storage depends on site-specific
conditions, such as proximity and type of dwellings along the shoreline, and
the size and frequency of floods.

2.3 Sediment Stabilization

2.3.1 Definitions

Sediment stabilization (Figure 4) consists both of shoreline anchoring and
dissipation of erosive forces. Shoreline anchoring is the stabilization of soil at
the water's edge or in shallow water by roots and other plant parts. Dissipation
of erosive forces is the lessening of energy associated with waves, currents,
ice, water-level fluctuations, or ground water flow. Our definition of sediment
stabilization includes any wetland-
caused decrease of erosive energy or in-
crease of shoreline anchoring whether
or not erosion is significantly reduced. SEDIMENT STABILIZATION

Shoreline Anchoring. Wetland
plants, like all plants, bind soil with •IUHIS AND.I• LEO . -

their root systems. Many areas may
persist longer due to the anchoring func- - - -

tion of wetland vegetation, and in
erosional environments the necessity of
constructing costly protective structures
may be reduced if wetland vegetation is
present (Allen 1979/*LR). For ex-
ample, unplanted shores exposed to the
same incoming wave intensities as Figure 4. Schematic representation of sedi-
cordgrass-planted shores can erode ment stabilization by a wetland area
4 times faster than vegetated shores
(Benner et al. 1982/NC:Eem). Seasonal
erosional effects (of ice, waves) on a shoreline can be less pronounced where a
salt marsh is well established (Richards 1978/NY:Eem). Wetlands wider than
30 feet can reduce wave energy by 88 percent (Knutson et al. 1982/VA:Eem).

Dissipation of Erosive Forces. Wetlands reduce wave and current energies, as
would almost any shallow, undeveloped space adjacent to uplands. Researchers
do not agree on how effective wave dissipation of vegetated wetlands is com-
pared with nonvegetated wetlands or adjacent uplands. Nor is there agree-
ment that wetlands in general reduce wave and current velocities sufficiently
to prevent damage to other resources. Prevention of damage depends largely
on the magnitude of incoming waves or currents and the sensitivity of the re-
sources. If wetlands are established and anchored with extensive, persistent
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(especially woody) vegetation, they may grow outward into a bay, channel, or
delta and provide temporary protection from waves or currents associated with
infrequent, large storms that would otherwise penetrate deep into adjacent areas.

Few studies describe the degree to which various vegetation types dissipate
waves. Wayne (1976/Eem,ab) found that emergent plants reduced the height
and energy of small waves by 71 and 92 percent, respectively; rooted vascular
aquatic-bed plants decreased wave height and energy by 42 and 66 percent,
respectively. A formula for calculating the expected percentage reduction in
wave height was given by Dean (1979/*), using field measurements of stem
density, spacing of emergent or woody plants, water depth, width of the
vegetated wetland, and incident wave height (the last factor can be estimated
indirectly by measuring the wetland's fetch, see US Army Corps of Engineers
1977).

2.3.2 Processes

The principal processes affecting this function are as follows:

"* Energy associated with erosive forces.

"* Frictional resistance offered by the wetland.

"* Position of the wetland relative to the upland and incoming erosive
forces.

"* Ability of wetland plants to anchor the soil.

"* Erodibility of uplands being protected.

These are discussed briefly below. More detailed documentation for each
is presented in Chapter 3.

Energy Associated with Erosive Forces. Incoming waves, currents, water-
level fluctuations, ice, and ground water discharge are capable of creating
erosive conditions. In general, the potential ability of water to displace and
transport soil particles increases with increasing flow velocity (Figure 5). The
major factors that influence the energy of incoming waves or currents are
wind velocity, fetch, wetland gradient and bottom roughness, presence of man-
made protective structures, tides, waves from boats, and run-off. Erosiveness
depends on the frequency, period, amplitude, and seasonal timing of water-
level fluctuations. The erosiveness of ice increases with its duration, in-
stability (e.g., frequent freeze-thaw), and depth of penetration.

The erosive energy of water also depends on the suspended solids con-
centration of the water. Relatively sediment-free waters are more erosive than
those with a heavy sediment load (Nunnally and Keller 1979:35,43/*R) because
suspended sediment tends to reduce turbulence, which is responsible for trans-
porting sediment (Ritter 1986:211/*). Relatively sediment-free waters are

22 Wetland Functions: Processes and Interactions WES TR WRP-DE-2, October 1991



2.3 Sediment Stabilization Chapter 2.0

Fine sand I Medium sand i Coarse sand Granules Pebbles
I00 coarse sand Igo! I "
9080 , .1i

60

50 Erosion
401 -

30-

I--7 O

--J -- - -"2 bo / d I
-J'0
LL.5

1 4 4 2, 8
DIAMETER (IN MM) OF PARTICLES

Figure 5. Erosion, transportation, and sedimentation of well-sorted
sediment in relation to current velocity and particle size (modified from
Rubey 1938)

likely to occur in some wetlands with substantial ground water input, below
dams, or when upstream wetlands significantly alter the sediment load equi-
librium. Conversely, if the wetland is located in a depositional environment,
such as near a river delta or along a channel where adjoining waters are sedi-
ment laden, then shorelines are less likely to experience net erosion, and may
even accrete, depending on other factors such as wave and current energies.
The energy associated with ground water discharge increases with discharge
rate and spatial extent.

Frictional Resistance Offered by the Wetland. The frictional drag on in-
coming waves or currents increases with the width of the wetland, the density
of its vegetation or other obstructions (e.g., boulders, logs, hummocks), the rigidity

of these obstructions, and the degree to which they extend above the incoming
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waves or currents. Wetlands with persistent (year-round) or perennial vegeta-
tion are more effective on a net annual basis than are wetlands with nonpersistent
vegetation or those dominated by annuals.

Position of the Wetland. Wetlands that project outward into open water,
due to accretion and expansive anchoring by rooted vegetation, are better able
to intercept and deflect waves that otherwise might directly impinge upon ad-
jacent shorelines. However, such wetlands exist because their environment is
basically depositional, and seldom are exposed to such waves. Thus, this func-
tion may be realized only during storms approaching from atypical directions
or of unusual magnitude. Moreover, if wetlands project too far into a channel,
flows may be gradually constricted, with a subsequent reordering of the
erosion-deposition balance (Zimmerman et al. 1967).

Ability of Wetland Plants to Anchor the Soil. The depth and degree of
root branching influence the ability of plants to anchor soil. Sod-forming
ability is species specific (Garbisch 1977/*). Even if plants are not particular-
ly effective at producing frictional drag for incoming waters because they are
not rigid or they are fully submersed, some, such as the mosses, may still help
anchor the sediments and prevent scour (Pfankuch 1975/*R).

Erodibility of Uplands Being Protected. The intrinsic erodibility of
shorelines is greater with increased sand and silt content of the soil (Dunne
and Leopold 1978:527), bank slope, ice action, ground water seepage, run-off
from farther upslope, and nearness of heavy objects to the top of the bank
slope. Often, much of the erosion along channel banks occurs as bank failure
following a rapid decrease in water level (Nunnally and Keller 1979/*R).
Bank failure results from the weight and pressure of water left in the banks
after the stream recedes (Nunnally and Keller 1979:48/*R; Ritter 1986:218/*).

2.3.3 Interactions With Other Wetland Functions

Ground Water Recharge, Ground Water Discharge. Eroded fine sedi-
ments may be redeposited in portions of a wetland where ground water ex-
change occurs, and eventually slow the rate of ground water recharge or
discharge. Shoreline anchoring by wetlands may minimize such erosion.

Floodflow Alteration. Large waves may themselves cause flooding.
Erosion may enlarge the storage capacity of upcurrent wetlands, but redeposi-
tion can shrink the capacity of downcurrent areas, perhaps including flood
storage reservoirs.

Sediment/Toxicant Retention. This function is closely interrelated with
shoreline anchoring. Dampening of wave and current energies leads to deposi-
tion of sediment, and subsequent anchoring of this sediment by plant roots
ensures longer retention.
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Nutrient Removal/Transformation. One process critical to nutrient
removal is the long-term burial of nutrients in sediments, a process that may be
facilitated by plants through sediment trapping. At the same time, other plants
can translocate nutrients from the bottom sediments to the water column. Also,
by dissipating oxygenating waves and currents and by contributing decaying or-
ganic matter, wetlands influence the redox potential which partly regulates
nutrient removal/transformation.

Production Export. Wetland plants associated with shoreline anchoring
might reduce flushing capacity by inhibiting circulation. They may also tie up
nutrients in their root systems for indefinite periods, or release nutrients into
the water column. Through the process of enlarging outlet constrictions, shoreline
erosion may enhance the flushing capacity of a wetland and, consequently, its ex-
port capability. However, if these exported sediments are redeposited in constricted
areas nearby, flushing capacity and nutrient-export efficiency may be reduced.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance.
Suspended sediment from eroded shorelines may adversely impact growth
and survival of aquatic organisms and submersed plants, reducing habitat
suitability for waterfowl and wading birds. Erosion may also directly threaten
streamside wildlife habitats. However, moderate erosion may create shelter
for fish (e.g., undercut banks) and augment bank habitats for wildlife such as
kingfishers, bank swallows, muskrat, and beaver. If eroded sediments are
redeposited over a wider area, they may provide a substrate for the estab-
lishment of a more productive plant community.

Recreation, Uniqueness/Heritage. Shoreline erosion is seldom aestheti-
cally appealing, and erosion of beaches may halt associated recreation.
Erosion may also threaten areas considered unique or important to our
heritage.

2.3.4 Direct Economic Significance

Millions of dollars are spent annually for construction of jetties, bulkheads,
and other structures intended to inhibit shoreline erosion by waves and cur-
rents. Such erosion may destroy dwellings, eliminate harvestable timber and
peat, remove fertile soil, and alter local land uses. Costly dredging is required
when eroded sediments that are redeposited in channels and reservoirs impede
navigation and reduce the capacity of flood-control basins.
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2.4 Sediment/Toxicant Retention

2.4.1 Definitions

Sediment/toxicant retention (Figure 6) is the process by which suspended
solids and chemical contaminants such as pesticides and heavy metals ad-
sorbed to them are retained and deposited within a wetland. Deposition of
sediments can ultimately lead to removal of toxicants through burial, chemical
breakdown, or temporary assimilation into plant tissues (Boto and Patrick
1979/*). Sediment/toxicant retention may involve retention of run-off-borne
contaminants before they move into the deep water of a wetland or ground

water aquifers, as well as interception and
retention of sediment borne by surface
waters before it is carried downstream or

SEDIMENT AND TOXICANT RETENTION offshore.

Y, Toxicants, as addressed in this docu-
ment, include heavy metals, pesticides, and±i .. other potentially toxic organics. They are

• " included in discussions of the sediment

_____ retention function for two reasons. First,
"* WS" NU IF • SEMM sediment deposition is used as a surrogate
"* M UTER F MUM for toxicants because many, but not all,

toxicants adsorb to suspended or deposited
sediment, particularly its associated or-
ganic matter (Hunt and Lee 1976/*, Odum

Figure 6. Schematic representation of and Drifmeyer 1978/*, Sharom et al. 1980,
sediment/toxicant retention in a wetland Mrl n ata 97ND n t

Martin and Hartman 1987/ND,SD) and its

clay fraction (Richardson and Epstein
1971, Pionke and Chesters 1973, Karickhoff et al. 1979, Brown 1985).
Results of a nationwide river and lake sampling program, for example, indi-
cated that almost 20 percent of the sediment samples had one or more pes-
ticides present (Gillion 1985/US). Second, no better surrogates of toxicant
retention potential are as easily estimable as fine sediment accretion.

Most vegetated wetlands are excellent sediment traps, at least in the short
term. Few wetlands export more inorganic sediment than they import.

Turbidity may be greater downstream from some wetlands, but this is usually
due to algal productivity and export of suspended organic substances.

The length of time sediments and toxicants are retained depends on the
hydrologic and chemical characteristics of the specific wetland. Sediment
retention times are least in riverine wetlands. Moderate frequency floods, oc-
curring at periods of one to several years, are responsible for most erosion of
riverine wetland sediments (Meade 1982/US:R). Contaminated sediments can
be resuspended over decades, posing a chronic threat to aquatic life (Marron
1987/SD:R).
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Wetland vegetation can help trap and retain suspended sediment by
anchoring the shoreline, reducing resuspension of bottom muds by wind
mixing, increasing the length of the flow path, contributing organic matter, and
slowing water velocities (Jackson and Starrett 1959/IL:L; DeLaune
et al. 1978/LA:Eem; Richards 1978/NY:Eem; Boto and Patrick 1979/*; Phil-
lips 1980/*Eab; Kenworthy et al. 1982/NC:Eab; Morris and Paulson
1982/NV:Rem; Johnston et al. 1984/WI:Lem; Lambou 1985/LA:fo) (see also
Section 2.3, Sediment Stabilization). Even aquatic bed vegetation, which typi-
cally provides less resistance to water flow than emergent or woody vegeta-
tion, may reduce wave or current energies sufficiently to induce sediment
settling (Fonseca et al. 1982/NC:Eab; Bulthuis et al. 1984; Short and Short
1984/FL:E; Ward et al. 1984/E).

The sediment-trapping ability of wetlands will decline if they fill in or if
flooding kills their vegetation, especially in tidal waters, very windy wetlands,
and other dynamic environments. Physical processes (e.g., gradient, tidal fac-
tors) in some cases may be more important for trapping sediment than the ac-
tual presence of wetland plants (Gersberg et al. 1986/CA:Pem).

Compared with other landscape components, wetlands can be dispropor-
tionately important for sediment retention. Over 20 percent of the permanent
sediment deposition in one North Carolina watershed occurred in forested wet-
lands occupying only 11 percent of the area; a nearby watershed with one-sixth
the wetland acreage (but a similar amount of cultivated land) had much less
deposition (Cooper et al. 1986/NC:fo). A simulation study of one Mississippi
watershed indicated that loss of half the watershed's bottomland hardwood wet-
lands would double the sediment loss (Molinas et al. 1988/MS:fo).

Regression analyses of many watersheds in northern Wisconsin indicated
that sediment loads were approximately 90 percent lower in watersheds with
40 percent wetland and lake acreage than in watersheds with none (Hindall
1975/WI). Nearly 70 percent of the sediment was retained by 5 percent of the
wetlands. Similar regression studies in Minnesota by Oberts (1981) and
Brown (1988/MN:L) indicated that maintaining about 10 percent of a water-
shed in wetlands optimized sediment retention; maintaining larger acreages
yielded a detectable but minimal additional improvement. Watersheds with a
large proportionate acreage as ponds and reservoirs, and with upland soils con-
taining little clay, have low concentrations of riverine suspended sediment
(Simmons 1976).

Sediment retention in wetlands averages about 30 percent of the total en-
tering, with a maximum retention of about 95 percent (e.g., Dendy 1974; Hick-
ok et al. 1977/MN:P; Rausch and Schreiber 1977; Fetter et al. 1978/WI:Pem;
Novitzki 1978/WI:P, MacCrimmon 1980)ONT:.P, Stumpf 1983/DE:Eem; Brown
1985; Striegl 1987; Wolaver et al. 1988/SC:Eem).
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A different expression of the sediment trapping capacity of wetlands is
their vertical accretion rates. Marine shorelines accrete at a worldwide aver-
age of about 0.02 inch/year (Rusnak 1967/*E), and estuarine shorelines at
about 0.08 to 0.16 inch/year (Shepard and Moore 1960/*TX), although Rich-
ards (1978/NY:Eem) reported a low marsh and an estuarine mud flat accreting
at 1.5 and 1.8 inch/year, respectively. Riverine-associated palustrine wetlands
usually have accretion rates between 0.3 and 1.1 inch/year, with reported rates
ranging as high as 3.3 inches/year and as low as 0.04 inch/year (Eckblad et al.
1977; Bridge and Leeder 1979/*R; Mitsch et al. 1979/IL:fo; Nanson 1980/
BC:R; Cooper et al. 1986/NC:fo). Bogs, which probably trap sediments for
longer periods, accrete roughly 0.04 inch/year (Walker 1970, Kadlec and Hammer
1988/MI:P). Highest rates are reported from human-altered environments.
For example, Turk et al. (1980/NS:E) reported sediment accumulations of
66 inches/year for an estuarine mud flat next to a causeway. Wetlands re-
ceiving stormwater for treatment accreted 0.78 inch/year (Striegl 1987).

In summary, most studies of sediment retention by wetlands have technical
drawbacks. Commonly, such studies fail to document: (1) the extent to which
sediment is exported from the wetland during severe, infrequent (e.g., 25-year
probability) storms, (2) the degree to which sediment retention can be attrib-
uted to the wetland itself, rather than to the depression in which it is situated,
and (3) the extent of long-term biological changes induced by retention or
catastrophic export.

Due to accretion and other processes, many wetlands effectively retain
heavy metals, preventing or delaying their transport into adjoining water bodies,
aquifers, and food chains (Wigington et al. 1986, Striegl 1987). Retention of
some metals in wetlands can essentially be permanent if they become organi-
cally bound in complexes with peat (Wieder and Lang 1982). This seems par-
ticularly likely to occur in isolated palustrine wetlands in cool climates.
However, metal retention shows considerable variation among wetlands.

Metals may be mobilized and made available to food chains if (1) there are
changes in loading rates (Laxen and Harrison 1977/*), (2) sediments and as-
sociated organic matter are resuspended by wind, waves, erosion, or disturbance
from invertebrates, fish, and birds; (3) sediment organic matter becomes aerated
as a result of altered hydroperiods, plant community type change, or wind mixing
(van Hassel et al. 1980), or (4) sediment-bound metals are chelated as the result
of organic matter added by wetland plants. Bioaccumulation is important to the
retentive function of wetlands because if most of a wetland's fauna is
migratory or its detritus is subject to widespread dispersal, bioaccumulation
may be a major dilution mechanism for contaminants, whereas if the fauna is ba-
sically resident and highly bioaccumulative (e.g., some filter-feeding invertebrates),
retention within the wetland as a whole may be increased over what might
occur strictly from physicochemical processes in the sediment and water. Ac-
cumulation and uptake of metals by plants is generally greatest in roots and litter
(Gallagher and Kibby 1980/OR:Eem), but sediment processes are often of greater
long-term importance than plant uptake. Accumulation in animals is discussed
by Olsen (1984/*), Reynoldson (1987), and Willford et al. (1987). The
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relative capacities of various wetland plant and animal species for retaining toxic
metals have not been adequately quantified.

Lead and mercury normally are retained longer in wetland sediments than
are zinc and perhaps chromium and copper (Teal et al. 1982/MA:Eem). How-
ever, cadmium and mercury can easily be mobilized from sediments, either by
physicochemical disturbance or accumulation by mobile sediment organisms,
and probably few regularly flooded wetlands are long-term sinks for these ele-
ments (Nixon 1980/*; Teal et al. 1982/MA:Eem; Simpson et al. 1983/NJ:tem).
Some tidal freshwater wetlands appear capable of retaining moderate loadings
of copper for long periods, as well as nickel, lead, zinc, and perhaps
chromium (Simpson et al. 1983/NJ:tem; Dubinski et al. 1986/NJ:Ptem). For
copper, algae appear to influence retention more than the presence of adsorb-
ing sediments; the converse may be true of cadmium and zinc (Hart 1982/*).

Orpanic matter associated with wetlands generally adsorbs metals more
effectively than does clay sediment (Hart 1982/*). Mercury concentrations in
sediment of tidal (Teal et al. 1982/MA:Eem) and noncontiguous wetlands are
strongly and positively correlated with organic matter, but in riverine wetlands
other factors are more influential (Martin and Hartman 1987/ND,SD). Cadmium
is also associated with sediment organic matter (Martin and Hartman
1987/ND,SD), although to a lesser degree than mercury, copper, and lead
(Hart 1982). Cadmium concentration is negatively correlated with sediment
sand content (Martin and Hartman 1987/ND,SD).

In other instances (e.g., Beck et al. 1974/US:R), wetlands appear to assist
mobilization of some metals. Sulfide concentrations appear to be a key con-
trolling factor, at least in tidal marshes (Teal et al. 1982/MA:Eem).

Wetlands may also be effective for retaining and detoxifying some pes-
ticides and other hazardous organics. Several studies (Guenzi and Beard
1968, Ko and Lockwood 1968, Guenzi et al. 1971, Spencer et al. 1974, Parr
and Smith 1976) have shown that organochloride pesticides are readily
degraded in anaerobic, sulfide-rich, fine-sediment, sunlight-saturated, organic
environments. Such environments typify many wetlands, and tidal wetlands
in particular (Seidel 1976/*, Wolverton and McKown 1976, Renwick and Ash-
ley 1984, Giblin 1985/MA:Eem).

Degradation is also enhanced by the proliferation of algae and microbes
(Hart 1982) that, due to the abundance of organic matter and complexity of
vegetation substrates, are often present at consistently higher densities in wet-
lands. However, the high levels of humic materials in some wetlands may
depress microbial activity. Also, the high concentrations of dissolved organic
matter can mobilize a few of the most insoluble toxicants, such as poly-
chlorinated biphenyls, and the ready availability of natural organic material
can divert microbial attention from synthetics that might otherwise be broken
down faster (Smith et al. 1988/*).

WES TR WRP-DE-2, October 1991 Wetland Functions: Processes and Interactions 29



Chapter 2.0 2.4 SedmenmtToxicant Retention

Bioaccumulation (the uptake of contaminants by biota from water or food)
also occurs disproportionately in wetlands (e.g., Birmingham and Colman 1983,
Biddinger and Gloss 1984/*, Ohlendorf et al. 1986). However, the existence of
true biomagnification (the accumulation of contaminants through trophic trwans-
fer) involving currently used pesticides and other hazwdous organics is debatable
(see contrasting viewpoints of Reynoldson 1987 and Smith et al. 1988/*).

Bioaccumulation occurs when organisms with high tissue lipid content are
exposed to relatively insoluble, stable organics (Smith et al. 1988/*), or when
heavy metals become concentrated in areas of low alkalinity and limited or-
ganic matter, which could otherwise offset their effect (e.g., Hargeby and
Petersen 1988). In sandy estuarine sediments exposed to heavy metal pollu-
tion, tot4 organic matter in the range 0.7 to 1.0 percent supported the most
diverse benthic invertebrate community, which presumably reflects the lowest
toxicity (Franz and Harris 1988/NY:E).

Among potentially toxic organics, the chlorinated phenols, chlorinated ben-
zenes, polycyclic aromatic hydrocarbons, and phthalate esters appear most
capable of bioaccumulating, especially in the organic-rich sediments of wet-
lands; most herbicides and carbamate and organophosphorus insecticides do
not bioaccumulate (Smith et al. 1988/*) but can impact biota if applied direct-
ly or chronically near wetlands. Acute toxicity is generally greatest for the or-
ganophosphorus insecticides and anilide herbicides. Chronic toxicity is
greatest for organochloride insecticides and triazine herbicides (Maas et al.
19841*).

2.4.2 Processes

Major processes or factors that affect this function are the following:

"• Amount of incoming sediment.

"* Particle size and density of suspended sediment.

"* Difference in energy levels of suspending forces within the wetland
versus upcurrent areas.

"* Vertical layering caused by salinity and temperature in waters bearing
the sediment.

"* Flocculation, agglomeration, and precipitation.

"* Bioturbation and mobilization.

"* Storage capacity of the wetland.

Each of these is discussed briefly below.

Amount of Incoming Sediment. Sediment delivery usually increases with
increased drainage area size, acreage of cleared land, precipitation, and lack
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of soil management measures (Karr and Schlosser 1978/IL:R, Cooper et al.
1986/NC:fo). Important soil characteristics that relate to erodibility include
soil particle size, aggregate stability, permeability, water-holding capacity, and
infiltration rate. Sedimentation is more likely to occur when waters are carry-
ing a heavy sediment load. Conversely, soil particles generally go into suspen-
sion more readily when their contiguous waters are relatively sediment-free (see
Section 2.3.2).

Particle Size and Density of Suspended Sediment. Heavier particles
naturally settle faster than lighter particles of the same size. It is for this
reason that inorganic particles usually settle faster than organic particles (Boto
and Patrick 1979/*). The particle size distribution of suspended sediments is
also important to the sedimentation rate., with colloidal particles such as clays
having the slowest sedimentation rate (Boto and Patrick 1979/*).

Difference in Energy Levels. Sediment deposition (e.g., shoaling) occurs
where water velocity rapidly slows, usually as a result of increased cross-sec-
tional area or bottom roughness. Sediment deposition is also enhanced by
channel obstructions and other factors, such as wetland vegetation, which
reduce wave or current velocity or extend the overland flow path. Sediment reten-
tion in wetlands without outlets approaches 100 percent because flow is totally
stopped. In general, increased residence time results in more effective sediment
removal.

Vertical Layering Caused by Salinity and/or Temperature. Intense
stratification associated with salinity or temperature-caused differences in
water density may counteract the natural settling tendencies of sediment by
restricting vertical mixing across the layers (Schubel and Carter 1984). This
factor is generally of more concern where flow is constricted or impeded and
where the effects of tidal asymmetry (i.e., differing energy levels between in-
coming and outgoing tides) are prominent.

Flocculation, Agglomeration, and Precipitation. Sharp interfaces be-
tween freshwater and saltwater cause fine sediments to flocculate and settle,
especially where flow is very slow. Flocculation affects only certain types of
clays, and is suspected to be maximized at or around 5 ppt salinity (Rochford
1953/AU:E). Kranck (1984/E) reported that flocculation is an essential
process for sediment trapping in estuaries, although Boto and Patrick (1979)
questioned the significance of this process. Flocculation and agglomeration
processes occur following chance collisions among particles, which occur
most frequently within the turbidity maximum (Kranck 1984/E). Organic par-
ticles also promote settling by adhering to inorganic particles (Kranck
1984/E). Filter-feeding organisms may also repackage particulate matter into
fecal pellets, which may account for up to 40 percent of particle transfer to the
bottom of some coastal waters (Kranck 1984/E). Another process that may
contribute to sediment trapping in some areas is the formation of carbonate-
sediment complexes with subsequent precipitation as marl.
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Bioturbation and Mobilization. Sediments and/or their associated toxicants
can be measurably resuspended as a result of the activity of bottom-feeding
fishes (e.g., carp), aquatic invertebrates, and birds. This is termed bioturba-
tion. Contaminants associated with deposited sediment can be reintroduced
into the water column either by this process or by uptake by aquatic plants and
subsequent release during decay. Bioturbation may so significantly alter the
substrate that soil drainage characteristics and plant growth are altered (Sharma
et al. 1987/SC:Eem).

Storage Capacity of the Wetland. A wetland's sediment trapping efficien-
cy depends on its depth, volume, and surface area (Schubel and Carter 1984).
Where sediment deposition occurs, some wetlands gradually fill in. As the
wetland surface is built up by sediment deposition, flooding frequency
decreases, resulting in decreased sediment input (Mitsch and Gosselink
1986:167/*). However, many wetlands may become filled only over periods
of hundreds of years. Others may be periodically flushed of stored sediment by
large storms, or by herbivore activity and long-term precipitation cycles
(Mitsch and Gosselink 1986:169/*).

2.4.3 Interactions With Other Functions

Ground Water Recharge, Ground Water Discharge. Trapping of fine
sediments is often incompatible with these functions if they occur in the same
wetland. Most ground water exchange occurs either in very shallow or very
deep portions of the wetland. Reduced mixing in deepwater areas and the in-
fluence of vegetation in shallow water also make these locations favorable for
sediment retention. Trapped fine sediments may slow the rate of ground
water recharge or discharge. However, recharge is more likely to occur at
higher elevations where usually coarser, more permeable sediments and
smaller total quantities of sediment are deposited (Maxey 1968/NV, Winter
1977/:L). Potential leaching of toxicants into an aquifer via ground water
recharge would also be undesirable.

Floodflow Alteration. Sediment trapping is sometimes incompatible with
this function. Unless compacted, dredged, or flushed out by peak flows,
trapped sediment reduces the capacity of flood storage depressions. However,
sediment deposited and compacted along river banks may, under some cir-
cumstances, form natural levees that can reduce local flood damage.

Sediment Stabilization. Sediment retention usually enhances this func-
tion. Some sediment trapping usually occurs before plants become estab-
lished and contribute to sediment stabilization. Sediment deposited as
offshore bars may also dissipate waves and currents. However, wetlands
might, by filtering out sediment, occasionally contribute to increased down-
stream erosion by increasing the sediment-carrying capacity of the water
(Turner 1980/*L).
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Nutrient Removal/Transformation. Sediment retention plays a sig-
nificant role in nutrient removal/transformation through the retention of or-
ganic sediments and nutrients adsorbed to sediment particles. Sediment
retention also contributes to nutrient removal through burial of nutrients in the
substrate. Extreme levels of contaminants can reduce nutrient cycling rates,
in part by inducing anoxia and depressing bioturbation.

Production Export. Areas that retain sediments generally retain particulate
aquatic food substances and toxicants as well. Thus, retention of sediment and
toxicants in one wetland may alter the fauna immediately downstream. This
phenomenon is commonly observed below dams.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance. Sediment
deposition in one wetland may benefit aquatic flora and fauna in another via
reduced turbidity and increased photosynthesis. However, some sediment ex-
port may be essential to maintaining suitable substrate and nutrient conditions in
downcurrent wetlands. In wetlands where sediment and toxicant buildup is
occurring, excessive quantities of sediment may alter the plant community or
smother aquatic vegetation and kill invertebrates and fish larvae, or at least
modify their habitat (Cooper 1987/MS:R). The capacity of wetlands for
bioaccumulation is discussed above in Section 2.4.2. Wetland communities
exposed to sediment or toxicant run-off do not inevitably experience bioac-
cumulation or altered community structure (Chutter 1969, Hansen 197 1/IA:R,
Barton 1977/ONT:R, Piest and Sowls 1985/AZ:P, Warwick 1988), and basic
ecological processes are not invariably altered (Schindler 1987/MAN:L).

Recreation. Sediment/toxicant retention usually conflicts mildly with recrea-
tion when the two occur in the same wetland. However, sediment/toxicant
retention in one wetland would benefit recreation in downcurrent wetlands.

Uniqueness/Heritage. The effect of sediment/toxicant retention on this
function depends on the particular resource of concern.

2.4.4 Direct Economic Significance

Sediments or toxicants deposited in undesirable locations often require
increased expenditures for dredging and water treatment. Retention of sedi-
ments and toxicants in wetlands would decrease the need for such expenditures.

2.5 Nutrient Removal/Transformation

2.5.1 Definition

Nutrient removal/transformation includes the storage of nutrients within
the sediment or plant substrate; the transformation of inorganic nutrients to
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their organic forms; and the transformation and subsequent removal of one
nutrient (nitrogen) as a gas. Nutrient removal/transformation involves trapping
of nutrients before they reach deep water, are carried downstream, or are
transported to underlying aquifers. Particular attention is focused on processes
involving nitrogen and phosphorus, as these nutrients are usually of greatest
importance to wetland systems (Kadlec and Kadlec 1979/*). Thus, through-
out this document, reference to "nutrients" applies specifically to nitrogen
and phosphorus.

There are divergent opinions regarding the role of wetland plants in water
quality. Wetlands have been called nutrient sinks, nutrient sources, and pass-
through systems. Wetlands are at least temporary sinks for nitrogen and phos-
phorus, under both natural and nutrient-enriched conditions (Toth 1972; Valiela
et al. 1973/Eem, 1975/MA:Eem- Klopatek 1975/WI:PeM 1978; Broome et al.
1975/NC:Eem; Nedwell 1975/Efo; Axelrod et al. 1976/LA:Eem; de Jong
1976; Greij 1976/MI:Pem, McNabb 1976/*ab; Patrick et al. 1976/LA:E;
Spangler et al. 1976/WI:RP; Wolverton et al. 1976/MI:P; Hickok et al. 1977/
MN:P; Mitsch et al. 1977/11L:fo; Rausch and Schreiber 1977; Dolan et al.
1978/FL:Pem; Fetter et al. 1978/WI:Pem; Fritz and Helle 1978/FL:Pfo;
Loucks and Watson 1978/WI:L; Novitzki 1978/WI:P; Prentki et al. 1978/
WI:L; Simpson et al. 1978/*; Mudroch and Capobianco 1979; Turner et al.
1979/GA:E; Mulholland 198 1/NC:fo; Nichols 1983/*; Nixon and Lee
1986:221/*).

In freshwater environments, up to 91 percent of the phosphorus (Mitsch et
al. 1977/IL:fo) and 94 percent of the nitrate nitrogen (Brinson et al. 1981b/
NC:fo) may be retained. Kuenzler and Craig (19861NC,VA) found that
forested wetlands removed 37 and 2 kg/ha/year of N and P, respectively. Wet-
lands as disparate as New England salt marshes (Valiela et al. 1976/MA:Eem),
southeastern salt marshes (Wolaver and Spurrier 1988b/SC:Eem), Arizona
riverine wetlands (Grimm 1987/AZ:R), and southeastern bottomland
hardwood wetlands (Yarbro 1979/NC:fo) reduced inflowing levels of inorganic
nutrients. Freshwater systems as a whole are more effective for nutrient
removal than are estuarine or marine systems, partly because the latter have
less capacity for retaining carbon in sufficient amounts for supporting nutrient
removal processes (Nixon 1988/*LE,M).

Region-wide regression studies also indicate that surface-water concen-
trations of nitrate, and to a lesser extent phosphorus, are less in watersheds
having a large proportion of wetland acreage, especially in urban watersheds
(Oberts 1981). In an Iowa agricultural watershed, the presence of 2,200 ha
of wetlands was estimated to reduce annual nitrate loading by 4,000 kg (Jones
et al. 1976/IA:Eem).

However, Mitsch and Gosselink (1986:125/*) state that "there is a growing
consensus that not all wetlands are nutrient sinks nor are the patterns consis-
tent from season to season or year to year." Terrestrial soils, because of their
generally higher cation concentrations, are probably more efficient in removing
and retaining phosphorus in runoff (Richardson 1985/P,R, Jordan et al. 1986/MD)
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and perhaps in removing nitrogen (Ehrenfeld 1987/NJ:P). Instances have been
reported of summertime dissolved-phosphorus loadings from lacustrine wet-

lands exceeding loadings from other parts of a landscape (Carpenter 1980).
Forested wetlands, when enriched, were only mildly effective in retaining
added phosphorus (Brinson et al. 1984/NC:fo).

Still, the strategic position of wetlands on the landscape, coupled with the
ability of wetland vascular plants (and their attached algal and microbial com-
munities) to remove nutrients from waters and sediments during the growing
season and release them later when light or temperatures will not support
profuse algal growth (Smith and Home 1988/CA:Eab), seems to be a general
phenomenon, and one important in maintaining the water quality of adjoining
systems (Toth 1972; Lee et al. 1975/*; Mason and Bryant 1975; Spangler et
al. 1976/WI:R,P; Kibby 1978/*; Post and de la Cruz 1978; Dawson 1980;
Howard-Williams 1981/*Lab; Nichols 1983; Simpson et al. 1983/NJ:tem; John-
ston et al. 1984/WI:Lem; Lowrance et al. 1984/GA:fo; Reddy and Sutton
1984/FL:em; Reddy et al. 1984/FL; Heckman 1986/EU:Rem).

Huge or long-term applications of nutrients may not be assimilated without
severely altering wetland vegetation, polluting downstream areas, or being as-
sociated with bioaccumulation of toxicants in food chains (e.g., Steward and
Omes 1975/FL; Valiela et al. 1975/MA:Eem; de Jong 1976; Ewel 1976/
FL:Pfo; Whigham and Simpson 1976/NJ:teni; Zoltec et al. 1979/FL:Pem;
Kuenzler et al. 1980/NC:fo; Schwartz and Gruendling 1985/VT:Lem; Nixon
and Lee 1986/*). However, this outcome does not seem inevitable (e.g.,
Whigham and Simpson 1976/NJ:tem; Piest and Sowls 1985/AZ:P, Sanville
1988/AK:P). Nitrogen saturation is probably less a problem than phosphorus
saturation (Boyt et al. 1976/FL:P, DeBusk and Reddy 1987/FL:Pfo).

Wetlands can retain and subsequently release nutrients in many ways. As
noted above, nutrients can be taken up and stored by wetland vegetation on a
short-term basis. On a long-term basis, wetland vegetation may effectively
remove nutrients from biological cycling by assisting burial below the zone of
biological activity, usually to depths greater than 1 meter (Prentki et al. 1978/
WI:L, Fisher et al. 1982b/NC:E). The content of amorphous, extractable
aluminum in a wetland's sediments is one of the most important factors in-
fluencing the ability of a wetland to assimilate phosphorus over long periods
(Richardson 1985/PR).

Nitrogen nutrients can be permanently removed through conversion to
gaseous form by denitrification and ammonia volatilization, and seasonally
removed as emerging insect biomass. These processes are much more
prevalent in wetlands than in uplands. This is because anaerobic, organic-rich
soils (which typify wetlands) favor these processes. The same is true of deeply
rooted plants in forested wetlands which can effectively use several forms of
nitrogen for the denitrification process (Ehrenfeld 1987/NJ:P). However,
some wetlands also contribute to the pool of available nitrogen through
nitrogen fixation, especially when ratios of nitrogen to phosphorus are less
than 10.
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2.5.2 Processes

Assessing a wetland's efficiency for nutrient removal/transformation is com-
plicated by the fact that nutrients are involved in both biotic and abiotic cycles,
and are continuously being exchanged between the substrate, water, vegetation,
and atmosphere (for nitrogen and carbon). Nongaseous nitrogen most com-
monly exists in five forms: particulate organic nitrogen, dissolved organic
nitrogen, ammonia, nitrate, and nitrite. Phosphorus exists in any of three
forms: particulate organic phosphorus, dissolved organic phosphorus, and
phosphate.

Major processes or factors that affect nutrient removal/transformation are

"* Biological uptake and processing.

"* Sedimentation and accumulation of organic matter in the substrate.

"* Adsorption and nutrient interactions with sediments.

"* Chemical and microbial processes including denitrification, nitrogen
fixation, and ammonia volatilization.

All of these processes are enhanced, to varying degrees, by the increased
retention times commonly associated with wetlands.

Biological Uptake and Processing. As described above, wetland vascular
plant communities can significantly regulate nutrient concentrations in adjoin-
ing waters, at least seasonally. Free-floating vascular plants (as well as
phytoplankton and attached algae) take up nutrients directly and exclusively
from the water and thus directly influence nutrient concentrations within the
water column. Rooted submersed species derive their nutrients from the sedi-
ments (Barko and Smart 1980) and directly from the water (Steward and
Ornes 1975/FL, Boyt et al. 1976/FL:P, McNabb 1976/*ab, Klopatek
1978/*Rem, Thayer et al. 1984i*Eab). Recent evidence also indicates that
they may shift between uptake from the water and sediments depending upon
supply (Boynton et al. 1980/MD:E, Davis and Brinson 1980/*ab, Day et al.
1981). However, under natural conditions, the sediments are usually the
primary source of nutrients for most emergent and submersed species
(Banoub 1975/EU:Lem; Klopatek 1975, 1978/WI:Pem; Brinson and Davis
1976/NC:R; Kibby 1978; Prentkd et al. 1978/WI:L; Barko and Smart 1980; Hop-
kinson and Schubauer 1984/LA:tem).

The water quality impact of species that remove nutrients only from the
sediments may not be immediate (Klopatek 1975/WI:Pem, Boyt et al.
1976/FL:P, Day et al. 1980/LA:fo), but such uptake may encourage a reverse
movement of nutrients from the water to underlying sediments to maintain
equilibrium between sediments and the water (Klopatek 1978/*Rem). Con-
versely, uptake from the water may upset the equilibrium, causing release of
nutrients from the sediments (Farnworth et al. 1979/*).
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Plants with persistent, woody tissues retain for long periods more nutrients
than they lose through leaf-drop, decay, or leaching (e.g., Lowrance et al.
1984/GA:fo). Such species conserve nutrients by translocating them to per-
sistent tissues prior to leaf fall (Klopatek 1975/WI:Pem, Prentki et al. 1978/WI:L,
Simpson et al. 1978/*, van der Valk et al. 1979/*, Morris 1982/MA:Eem,
Kistritz et al. 1983/BC:Eem). However, woody plants generally are less effec-
tive than emergent and aquatic bed vegetation at taking up nutrients
(Richardson et al. 1978/MI:Pem, Ehrenfeld 1987/NJ:P) and, despite transloca-
tion, much is lost with leaf fall.

With enrichment, vegetation may retain additional nutrients by increasing
biomass. Primary production often increases with enrichment, especially in
low-alkalinity or oligotrophic systems (Broome et al. 1975/NC:Eem; Hartland-
Rowe and Wright 1975/*; Valiela et al. 1975/MA:Eem; Boyt et al. 1976/FL:P;
Dolan et al. 1978/FL:Pem; Mudroch and Capobianco 1979; DeLaune and
Patrick 1980/LA:Eem; Sanville 1988/AK:P). The ability of plants to accumu-
late nutrients depends on their life stage at the time nutrients are most plenti-
ful (Boyd 1978/*; Kadlec and Kadlec 1979/*; Heliotis and DeWitt 1983/MI:P;
Kistritz et al. 1983/BC:Eem; Bernard et al. 1988/*LPem). Thus, although
standing crop is approximately related to nutrient content (Peverly 1985/NY,
Bernard et al. 1988/*L,Pem), maximum nutrient accumulations do not neces-
sarily occur when biomass is at its seasonal peak (Klopatek 1978i*Rem;
Kistritz et al. 1983/BC:Eem). Also, excessive accumulations of peat may in-
hibit biomass accumulation by existing plants and prevent establishment of
new plants, thus reducing the nutrient retentive ability of a wetland (Wetzel
1979, Barko and Smart 1983/L, Day et al. 1988, Kadlec and Hammer
1988/MI:P). Such accumulations may result from increased nutrient additions
or altered hydrology (Day et al. 1988, Kadlec and Hammer 1988/MI:P).

Maximum amounts of nutrients accrued in standing crops of emergent mac-
rophytes, including above- and below-ground structures, average 17.6 g/m2 for
nitrogen and 3.7 g/m 2 for phosphorus (Klopatek 1978/*Rem). Increased
nutrient availability may lead to uptake in excess of current needs (Steward
and Ornes 1975/FL; Klopatek 1978/*Rem; Kadlec and Kadlec 1979/*; Barko
and Smart 1980; Heliotis and DeWitt 1983/MI:P; Kistritz et al. 1983/BC:Eem).

Wetland vascular plants can remove nutrients only as long as the plants (or
their attached epiphytes and microbes) are accumulating biomass (Yarbro
1979/NC:fo). Biomass accumulation (primary productivity) and thus nutrient
uptake is controlled by a host of other environmental conditions (e.g., current,
shading, turbidity, hydroperiod, and sediment oxygen and organic content), so
uptake may depend more on site-specific characteristics than on plant species.
Salt marsh cordgrass retains nitrogen but is less effective for retaining added
phosphorus (Valiela et al. 1973/Eem, Patrick et al. 1976/LA:E, DeLaune and
Patrick 1980/LA:Eem). Generally, plant growth is more likely to be limited
by nitrogen in saltwater and by phosphorus in freshwater (Farnworth et al.
1979/*), although some exceptions are noted in Section 2.6 (Production Export).
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Nutrient concentrations in living plant tissue are usually 10 to 100 times
those in surrounding waters (Nixon and Lee 1986/*) and may be up to 10,000
times greater (Peverly 1985/NY). However, the relative magnitude of nutrient
storage in plants appears to vary greatly. For example, less than 20 percent of
the phosphorus was tied up by vascular plants in a Wisconsin marsh (Sloey et
al. 1978/*), whereas in Florida lakes, 20 to 96 percent was contained in sub-
mersed macrophytes (Canfield et al. 1983/Lab). Less than 5 percent of the
nutrient uptake was attributed to plants in a coastal wetland (Turner et al.
1979/GA:E) and about 3 percent in a Michigan fen (Richardson et al. 1978/
MI:Pem). However, more than 90 percent of the nitrogen and phosphorus
added to a hardwood swamp in Florida was removed year round, with no
evidence of accumulation in the sediments, suggesting that the vegetation was
the major nutrient sink (Boyt et al. 1976/FL:P).

Nutrient retention in wetlands is also enhanced by algae and microor-
ganisms, especially fungi and yeasts (Richardson and Marshall
1986/MI:Pem), that are attached to vascular plants and their entrained litter.
Epiphytes and microbes enhance nutrient retention by rapidly taking up
nutrients released by wetland vascular plants (Wetzel 1983/*), from the water
column (Atchue et al. 1983/VA:Pfo, Heliotis and DeWitt 1983/MI:P, Grimm
1987/AZ:R), or from litter (Davis and van der Valk 1978/Pem, Stephenson et al.
1981/*, Marinucci and Bartha 1982/NJ:Eem, Richardson and Marshall
1986/MI:Pem). Although nutrients are readily leached from fresh litter, nutrient
concentrations of the litter compartment as a whole may not decline (Heliotis
and DeWitt 1983/MI:P, Sollins et al. 1985/OR:fo).

However, the relative importance of the nonmacrophyte biota in phosphorus
cycling is controversial (Carpenter and Lodge 1986/*ab, Kadlec 1987/*).
Epiphytes and microbes living on plant surfaces, as well as invertebrates hosted by
wetland plant roots (Fukuhara and Sakamoto 1987), in some situations may
actually speed nutrient release (Spangler et al. 1976/WI:RP, Anderson and Sedell
1979), rather than enhance retention.

Most rooted wetland vegetation translocates oxygen to the sediments, espe-
cially in oligotrophic environments. This has been reported either to reduce
nutrient retention by accelerating decomposition (Hackney 1987/NC:Eem), or
to increase nutrient retention by phosphorus immobilization within the sedi-
ments (Jaynes and Carpenter 1980/MI:L) and by denitrification (Gersberg et
al. 1986/CA:Pem, Kadlec and Hammer 1988/MI:P). However, vascular plants
may also inhibit nitrogen removal that would occur from denitrification (e.g.,
Kaplan et al. 1979/MA:Eem; Buresh and Patrick 1981) and from ammonia
volatilization (Buresh and Patrick 1981).

Sedimentation and Accumulation of Organic Matter in the Substrate.
In addition to taking up nutrients directly or indirectly, vegetation enhances
retention of sediment (see Section 2.4, and Predictor 12 in Section 3.5) and,
consequently, of nutrients by physically slowing currents and allowing
nutrient-laden sediment to be deposited. Nutrients are commonly adsorbed to
the sediments deposited by the slowed current regime (Copeland and Dickens
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1969/*E, Kaplan et al. 1974, Karr and Schlosser 1977/*, Gosselink and
Turner 1978/*, Boto and Patrick 1979/*). The amount of phosphorus attached
to suspended sediment is often 2 to 5 times that available in dissolved forms
(Froelich 1988).

Large reserves of nitrogen (Brown 1985, Smith et al. 1985/LA:E, DeLaune et
al. 1986/LA:Eem) and, to a much larger extent, phosphorus (Herron et aL 1984/
UT:Pem, Bayley et al. 1985/Man:Pem, Kadlec and Hammer 1988/MI:P) can be
carried into wetlands during high run-off. Unless resuspended and flushed out by
wind mixing, currents, and biochemical reactions, these nutrients are deposited,
and become stored in wetland sediment and as peat deposits (Boto and Patrick
1979/*, Mitsch et aL 1979/IL:fo, Jordan et al. 1986/MD, Maret et al. 1987/WY:P).
Peat accumulation may also enhance nutrient removal through ammonium ad-
sorption (Gersberg et al. 1984/CA:.em). In one watershed, 20 percent of the
sediment deposition (and 40 percent of the phosphorus associated with it) oc-
curred in forested wetlands (Cooper et al. 1986/NC:fo).

The time lag between nutrient release, immobilization within the sediments
or peat, and peak flows largely determines whether nutrients are flushed from the
system, recycled within it, or buried in sediments or as peat (Davis and van der
Valk 1978/Pem, Prentkd et al. 1978/WI:L, Livingston and Loucks 1979/*, van
der Valk et al. 1979/*, Odum and Smith 1981/*Ptem, Turner et al. 1983/FL:L,
Mattraw and Elder 1984/FL:fo, Elder 1985/FL:fo, Nixon 1988/*L,E,M). This is
discussed further, with reference to carbon, in Section 2.6.2.

Normally, most nutrients have only an ephemeral existence in the surface
waters, and rapidly return to the sediments or are stored in peat (Klopatek 1975,
1978/WI:Pem; Bernard and Solsky 1977; Kadlec and Kadlec 1979/*). Generally,
the internal nutrient transfers between underlying organic soils and live plants are
greater than external transfers related to surface water inputs and outputs (Kadlec
and Hammer 1988/MI:P).

Hydrologic conditions in late autumn and early winter are probably most
critical, as most nutrients are leached within the first few days or weeks after
plants die (Lee et al. 1975/*, Mason and Bryant 1975, Odum and Heald
1975/*Efo, Brinson and Davis 1976/NC:R, Chamie and Richardson 197 8/*p,
Davis and van der Valk 1978/Pem, Odum and Heywood 1978!*Ptem, Prentki et
al. 1978/WI:L, Simpson et al. 1978/*, Kadlec and Kadlec 1979/*, van der Valk et
al. 1979/*, Mulholland 1981/NC:fo, Pieczynska 1986/EU:L). Most plant tissues
lose 5 to 30 percent of their dry weight shortly after death by leaching, with the
highest percentages being from soft herbaceous leaves and the lowest percent-
ages from woody tissues (Cummins 1974, Heal and French 1974/AK:Pem,
Klopatek 1975/WI:Pem, Mulholland 1981/NC:fo, Brock 1984, Polunin 1984,
Peverly 1985/NY).

Nonhydrologic factors influencing the rate of peat accumulation include tem-
perature, pH, moisture, salinity, oxygen concentration, and characteristics of the
plant materials being decomposed (Gallagher 1978/*, Godshalk and Wetzel
1978/*L) (see Chapter 3). Temperature is the primary factor controlling the rate
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of litter decomposition, with decomposition proceeding faster at higher
temperatures (Mitsch and Gosselink 1986:224/*). Since the rate of decom-
position is generally slower under anaerobic conditions than when oxygen is
present (Cook and Powers 1958/NY:Pem, Chamie and Richardson 1978/*P,
Gallagher 1978/*, Gosselink and Turner 1978/*, Klopatek 1978/*Rem,
Mathias and Barica 1980, Phillips 1980/*Eab), wetlands generally have lower
rates of decomposition than upland areas. Optimum conditions for decomposi-
tion are found in moist aerobic environments (Mitsch and Gosselink
1986:224/*).

The rate of decomposition is also influenced by the kind of plant tissue involved.
In general, decomposition slows with increasing fiber content (Chamie and
Richardson 1978/*P, Gallagber 1978/*, Godshalk and Wetzel 1978/*L) and decreas-
ing nutrient content, especially nitrogen.

Mature wetlands with deep peat layers may recycle proportionately more
N and P than young wetlands with shallow sediments (Morris and Bowden
1986/MA:tem). Typical concentrations of nitrogen in peat range from 1.0 to
2.6 percent (Nichols 1983/*), while those for phosphorus typically range from
0.05 to 0.12 percent (Richardson 1985/P,R). Nutrients may be stored on a
long-term basis in peat, e.g., 3,000 years in a salt marsh (Redfield 1972/MA),
11,700 years in a Minnesota bog (Heinselman 1970/MN:P), and 600 years in a
Wisconsin bog-lake (Friedman and DeWitt 1978/*). Accumulation is slow,
especially in temperate climates. Vertical accretion rates of 0.20 to 0.75 cen-
timeter per year (or 10 to 300 g/m 2/year dry matter) generally occur (Nichols
1983*, Richardson 1985/P,R). In one Florida wetland, waterhyacinth wet
biomass of more than 35 kg/m2 resulted in net accumulation of organic matter
(Reddy and Sutton 1984/FL:em). Although the below-ground rates of plant
decomposition are believed by some to be at least as important as above-
ground processes (Gallagher 1978/*), peat accumulation usually represents only a
small portion of the production (Richardson and Marshall 1986/MI:Pem).

Nutrient additions td wetlands seldom accelerate the rate of peat accumulation
or nutrient uptake by microbes (Richardson and Marshall 1986/MI:Pem), because
increases in productivity are offset by increases in decomposition and mineraliza-
tion (Sampou 1985). Thus, although wetland soils rich in organic compounds
may naturally hold large quantities of nitrogen and phosphorus, their capacity to
retain additional nutrients through peat accumulation is very limited.

Nutrient Interactions with the Sediments. Within the sediments, nutri-
ents may exist either dissolved in interstitial waters or in association with
solid particles. Nutrients may be associated with solid particles as ions or
precipitates, or they may be bound within organic or inorganic particles (Kad-
lec and Kadlec 1979/*). Nutrients may enter the sediments either directly or
by complexing with dissolved or suspended particulate matter and precipitat-
ing (Darnell et al. 1976/*, Windom 1977). Metal ions, especially aluminum
and iron, readily immobilize phosphorus by adsorption and precipitation (Win-
dom 1977, Sewell 1982/AU:E, Callender and Hammond 1982/MD:E, Nichols
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1983/*, Heliotis and DeWitt 1983/M1:P, Brinson et al. 1984/NC:fo, Richardson
1985/PR). Richardson (1985/P,R) found that the phosphorus adsorption
capacity of wetland soils could best be predicted from their extractable
aluminum content. These reactions predominate under acid to neutral pH
(Nichols 1983/*). Although humic and fulvic acids can complex with phos-
phorus in the presence of iron (Richardson et al. 1978/MI:Pem, Triton and Kad-
lec 1979/MI:P), under alkaline conditions (Lee et al. 1975/*) organic matter
has little capacity to retain phosphorus (Nichols 1983/*). Thus, fine mineral
soils, because they usually have higher concentrations of aluminum and iron,
typically have much higher capacities to retain phosphorus (Richardson
1985/P,R). Phosphorus can also be precipitated with calcium mainly under
alkaline conditions (Lee et al. 1975/*, Fetter et al. 1978/WI:Pem, Nichols
1983/*).

The phosphorus retention capacity of many wetland soils is limited, and
decreases with time as chemical adsorption sites become saturated (Heliotis
and DeWitt 1983/MI:P, Nichols 1983/*, Brinson et al. 1984/NC;fo,
Richardson 1985/PR). Saturation often occurs at concentrations of phosphate
around 1.0 mg/l (Nichols 1983/*). At higher concentrations, phosphorus may
be held less tightly by physical adsorption (Nichols 1983/*).

Adsorption and precipitation of phosphorus does not necessarily result in
permanent retention. Phosphorus can be desorbed, if there is a sufficient con-
centration gradient (Kadlec and Kadlec 1979/*, Fisher et al. 1982b/NC:E,
Nichols 1983/*). Thus, wetland soils may act as phosphorus buffers, regulat-
ing concentrations in the water column (Nichols 1983/*). For example, Dierberg
and Brezonik (1983/FL:fo) observed that, after sewage additions to a cypress
dome were stopped, inorganic nutrients were released to the waters from the
sediments and vegetation for 20 months. Moderate sediment concentrations
of phosphorus in streams do not, however, appear to be readily desorbed and
released (Prairie and Kalff 1988a/QUE:R).

Oxygen conditions within or above a wetland's substrate may be important
in controlling phosphorus fluxes. A thin oxidizing layer at the sediment sur-
face, if present in a wetland, may help keep phosphorus trapped within the
sediments (Darnell et al. 1976/*, Kadlec and Kadlec 1979/*, Avnimelech and
McHenry 1984). Breakdown of this layer under anoxic conditions associated
with excessive detritus deposition or peat accumulation (particularly during
low seasonal flows) can result in phosphorus release (Syers et al. 1973, Cor-
rell 1978*E, Crow and MacDonald 1978/*, Klopatek 1978/*Rem, van der
Valk et al. 1979/*, Day et al. 1980/LA:fo, Callender and Hammond
1982/MD:E, Doremus and Cleseri 1982). The released phosphorus can sub-
sequently be flushed into adjoining waters if the wetland's anoxic waters are
mixed by wind or currents (Mathias and Barica 1980), and denitrification may
be inhibited by the anoxia, thus diminishing the nitrogen removal function of
the wetland.

Anoxic conditions in the water column may be created by the presence of
wetland plants (e.g., duckweed) that diminish mixing and reduce oxygen as they
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decay (Godshalk and Wetzel 1978/*L, Carpenter and Adams 1979/*Lab, Car-
penter and Greenlee 1981, Reddy 198 I/FL). Anoxic sediments not only
release more phosphorus to waters low in phosphate, they also adsorb more
phosphorus from waters high in phosphate (Heliotis and DeWitt 1983/MI:P).
However, in soils where aluminum is the major retention mechanism for phos-
phorus, the adsorption potential should not be greatly affected by
aerobic/anaerobic changes because aluminum is stable under varying redox
conditions (Knight et al. 1984/NC:P). The equilibrium point between sedi-
ments and overlying waters may also vary seasonally with temperature (Stow
et al. 1985/LA:L).

Although the typically extensive decomposition that occurs in wetlands
may discourage sediment phosphorus retention, it may enhance nitrogen
removal (Reddy and Sutton 1984/FL:em). Abiotic processes may not be as im-
portant in nitrogen removal as they are for phosphorus retention (Heliotis and
DeWitt 1983/MI:P, Brinson et al. 1983/NC:fo, Nixon and Lee 1986/*). Al-
though total nitrogen concentrations may be high in the sediments (Smith et
al. 1985/LA:E), they are usually in equilibrium with water concentrations
(Boynton et al. 1980/MD:E, Day et al. 1981). The oxidized layer, which typi-
cally occurs at the surface of wetland soils, does not act as a trap for nitrogen
as it does for phosphorus. However, it may encourage conservation of some
forms of nitrogen (Bowden 1986/MA:tem), and the roots of some wetland
plants may encourage denitrification by creating oxidized conditions at depth
(Gersberg et al. 1986/CA:Pem). Concentrations of micronutrients, iron, clay,
and organic matter may further affect nitrogen retention in soils (Dameli et al.
1976/*, Klopatek 1978/*Rem).

Denitrification, Nitrogen Fixation, and Ammonia Volatilization.
Denitrification is frequently a critical process in wetlands because it results in
nutrient removal rather than retention. Denitrification is the microbial conver-
sion of nitrate to gaseous nitrogen, resulting in a permanent loss of nitrogen
from a wetland. This process occurs under anoxic or near-anoxic conditions.
Prerequisites include sufficient organic matter (Tilton and Schwegler 1978/*;
van Kessel 1978, Kadlec and Kadlec 1979/*, van der Valk et al. 1979/*,
Gersberg et al. 1984/CA:Pem, Richardson and Nichols 1985/*, Lorenz and
Biesboer 1987/MN:Pem) and moisture (Knowles 1982, Hussey et al. 1985/
WY:fo), but these probably are seldom so scarce in wetlands as to be limiting
(Brinson et al. 1984/NC:fo). Even 2-year-old artificial wetlands with limited
organic matter accumulation were found to be capable of denitrification
(Stengel et al. 1987/EU:P).

There are two sources of nitrate for denitrification: diffusion from the
water (referred to as direct denitrification) and nitrification (coupled denitrifi-
cation). Nitrification, the microbial conversion of ammonia to nitrate, occurs
under aerobic conditions. Due to this coupling of nitrification and denitrifica-
tion, the rate of denitrification usually proceeds most rapidly with fluctuations
between, or in proximity to, aerobic and anaerobic conditions (Reddy and
Patrick 1975/FL, Phung and Knipling 1976, Bowmer 1987/AU:P). Thus, within
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wetlands, the upper sediment stratum is the primary site of denitrification
(Gersberg et al. 1986/CA:Pem).

Nitrogen fixation is the opposite process. Gaseous nitrogen is converted or
fixed, usually into organic forms of nitrogen, by bacteria and blue-green
algae. Although fixation is typically an anaerobic process, nitrogen may be
fixed by some blue-green algae in the presence of oxygen (Capone and Taylor
1980/*Eab). Also, several wetland vascular plant species (e.g., speckled
alder, sweet gale, and bayberry, and some species of the genera Azolla,
Lemna, and Juncus) host nitrogen-fixing bacteria.

Rates of nitrogen fixation in various aquatic systems range from 0.1 to
3 kg/ha/day (Jones 1974; Wiebe et al. 1975; Burris 1976/AU:E; Hanson
1977/GA:Eem; Bohlool and Wiebe 1978; Teal et al. 1979/*; Casselman et al.
198 1/LA:Eemab; Capone 1982/NY:Eab; Chapman and Hemond 1982/MA:P;
Nixon 19821*Eem; Varshney and Mandhan 1982; Bahr et al. 1983/*LA,MS;
Hanson 1983/GA:Eem; Jordan et al. 1983; Josselyn 1983/*CA:tem; Ogan
1983; Owens and Stewart 1983/UK:E; Triska et al. 1984/OR:R; Stow et aL
1985/LA:L). For wetlands, rates of nitrogen fixation were summarized by
Nichols (1983/*) and include 4.5 to 15 g N/m2/year for salt marshes (DeLaune
et al. 1976/LA:Eem; Kaplan et al. 1979/MA:EEm; Casselman et al. 1981/
LA:Eem,ab) and 0.2 to 0.39 g N/m2/year for forested wetlands (Dierberg and
Brezonik 198 1/FL:fo). The highest rates measured from salt marshes were
along the southern Atlantic and Gulf coasts (Nixon and Lee 1986/*). Input of
nitrogen through nitrogen fixation can represent up to 50 percent of the annual
loading (DeLaune et al. 1981/LA:Eem) and can be a major nutrient subsidy
(e.g., Casselman et al. 198 1/LA:Eemab). However, measurements of nitrogen
fixation should be reviewed with caution, since measurement techniques have
many sources of error, yielding both exceptionally high and exceptionally low
values (Smith 1980/*E). Nitrogen fixation was found to be greater on sub-
merged wood of beaver pond wetlands than on similar wood in steams (Francis
et al. 1985/QUE:R).

Nitrogen may also be removed from wetlands by ammonia volatilization.
This process occurs at high temperatures and at pH values greater than 7.5
(Isirimah 19721WI:L). Ammonia disappearance rates of 20 to 30 mg N/l/hr
have been measured in hypertrophic lakes (Murphy and Brownlee 1981), and
5.7 and 3.2 mg N/m2/day from salt and brackish marshes, respectively (Smith
and DeLaune 1983/LA:tem). For a palustrine bog, Hemond (1983/MA:P) es-
timated 90 mg N/m 2/year. The rate of ammonia volatilization is positively re-
lated to ammonia concentrations and pH (Smith and DeLaune 1983?LA:tem,
Gersberg et al. 1986/CA:Pem).

A third mechanism for nitrogen removal is the biotic pathway. Seasonal emer-
gence of aquatic insects and consumption of nutrient-rich aquatic plants by
migrating waterfowl may represent seasonal, and sometimes permanent, losses of
nitrogen from a wetland. Biotic losses from an Arizona riverine system were
0.05 mg N/m2/day (Grimm 1987/AZ:R). Data from lakes (e.g., Vallentyne 1952ML)
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suggest this is not a major removal mechanism, but the situation in shallow,
noncontiguous, eutrophic wedands may be different from that of lakes.

Denitrification generally exceeds nitrogen fixation in aquatic systems (Seit-
zinger 1988M*). Reductions in nitrogen concentration have been attributed to
denitrification in many wetlands (Isirimah and Keeney 1973/WI:L; Kitchens et
al. 1975/SC:fo; Klopatek 1975/WI:Pem, 1978; Nedwell 1975/Efo; Lee et al.
1975/*; DeLaune et al. 1976/LA:Eem; Jones et al. 1976/IL :Eem; Patrick et al.
1976/LA:E; Windom 1977; Fetter et al. 1978/WI:Pem; Sloey et al. 1978/*;
Hill 1979; Kaplan et al. 1979/MA:Eem; Tilton and Kadlec 1979/MI:P; Turner et
al. 1979/GA:E; Boynton et al. 1980/MD:E; Rabalais 1980/*E; Brinson et al.
198 lb/NC:fo; George and Antoine 1982; Klapwijk and Snodgrass 1982/ONT:L;
Nishio et al. 1982, 1983/E; Brinson et al. 1983/NC:fo; Gersberg et al.
1983/CA:Pem, 1984, 1986; Smith and DeLaune 1983/LA:tem; Seitzinger et al.
1984/RI:M; Hill and Sanmugadas 1985; Jacobs and Gilliam 1985ab/NC:P;
Smith et al. 1985/LA:E; Lindau et al. 1988/LA:fo). For example, from less
than I to 80 percent of the annual nitrogen loading may be lost via demitrifica-
tion (Isirimah and Keeney 1973/WI:L, Boynton et al. 1980/MD:E, Smith et al.
1985/LA:E), with estuarine systems generally having higher rates 'han fresh-
water systems (Seitzinger 1988/*). However, in the case of freshwater systems,
denitrification usually accounts for a larger portion of total nitrogen lost (Seit-
zinger 1988/*). Among freshwater systems, the greatest denitrification
removals are probably from shallow, eutrophic lakes.

Research in salt marshes has not yielded consistent results. Salt marshes
generally remove nitrate from overlying waters, which supports the
hypothesis that marshes are sites of active denitrification (Nixon 1980/*). In
one estuarine wetland, approximately 24 percent of the total particulate
nitrogen and
35 percent of the total nitrogen inputs were lost by denitrification (Boynton et
al. 1980/MD:E); for another estuary, 50 percent were lost (Smith et al. 1985/
LA:E). Several other salt marsh studies have indicated that denitrification
exceeds nitrogen fixation, with a net export of nitrogen ranging from 2 to 12
g/m2/year (DeLaune et al. 1976/LA:Eem; Haines et al. 1977/GA:Eem; Valiela
and Teal 1979/MA:Eem; Kaplan et al. 1979/MA:Eem). However, measure-
ments of exchanges between marshes and surrounding waters show a net ex-
port of nitrogen from marshes, suggesting that measurements of
denitrification are too high (Nixon 1980/*).

In a small lacustrine wetland, the predominance of denitrification (versus
fixation) resulted in a net loss of 20 g N/m2/year (Anderson 1974/EU:L). In a
palustrine wetland, denitrification removed less than 1 percent of the annual
loading, and nitrogen fixation was not even detectable (Isirimah and Keeney
1973/WI:L). In some palustrine bogs, nitrogen fixation is a minor input, at
least in comparison to atmospheric deposition. In other bogs (Hemond
1983/MA:P) and perhaps in some cypress dome wetlands (Howarth et al.
1988/*), fixation seems more important, exceeding denitrification by as much
as 10 times.
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The wide variability in reported rates of denitrification and nitrogen fixation,
and their relative importance in wetland ecosystems, appears to be a result, at
least in part, of the degree of nitrogen enrichment. Increases in nitrogen con-
centration, especially inorganic forms, appear to favor denitrification, espe-
cially when hydraulic detention times are long (Nedwell 1975/Efo; Patrick et
al. 1976/LA:E; Valiela et al. 1976/MA:Eem Capone and Taylor 1980/*Eab;
Hemond 1983/MA:P; Smith and DeLaune 1983/LA:tem; Smith et al. 1985/
LA:E; Bertani et al. 1987; Brodrick et al. 1988). The addition of organic
forms of nitrogen, in contrast, can inhibit denitrification while encouraging ni-
trogen fixation (Capone 1982/NY:Eab, Gersberg et al. 1983/CA:Pem), although
there is some evidence to the contrary (Brodrick et al. 1988). Fixation can also
be encouraged by addition of inorganic forms of nitrogen (Valiela et al. 1973/
Eem; Capone and Taylor 1980/*Eab; DeLaune and Patrick 1980/LA:Eem;
Capone 1982/NY:Eab; Ogan 1983). Also, nitrogen fixation can be encour-
aged by phosphorus enrichment; high concentrations of phosphorus (resulting
in a nitrogen-to-phosphorus ratio of 10 or less) can favor nitrogen fixation
(Nichols 1983/*, Ogan 1983) and, perhaps in a few cases, offset nitrogen losses
via denitrification.

In general, the rate of nitrogen fixation tends to be greatest at intermediate
levels of enrichment (Farnworth et al. 1979/*). If the degree of nitrogen en-
richment is a major factor controlling rates of nitrogen fixation and denitrifica-
tion, #hen wetlands that buffer nitrogen concentrations may have a significant
value in water quality maintenance or improvement. However, some research-
ers believe that neither of the nitrogen-cycling processes is necessarily driven
by the amount or type of available nitrogen (Capone and Taylor 1980/*Eab;
Hanson 1983/GA:Eem; Nichols 1983/*), or at least that they are driven by
sediment-bound nutrients, rather than water column concentrations (Seitzinger
1988/*).

Summary of Processes. Reviews of mass balance studies show that wetlands
do generally act as sinks for nitrogen and phosphorus both under nutrient-
enriched and natural conditions (Nichols 1983/*, Nixon and Lee 1986/*). The
amount of these nutrients retained varies widely among wetlands and is not
clearly related to input (Nixon and Lee 1986/*). Generally, removal efficiency
is greater with longer retention times, earlier plant community successional
stages (Grimm 1987/AZ:R), and lower loading rates (Nichols 1983/*). With
time, the capacity of some wetlands to retain or remove additional phosphorus
declines, and the role of the principal biochemical phosphorus remover, may
shift from the microbe-litter complex (Herron 1985/UT:Pem) to wedand
vascular plants, and finally to the sediment (Richardson and Marshall 1986/
MI:Pem), whose ultimate ability to assimilate phosphorus is related to its
extractable aluminum content (Richardson 1985/PR).

However, there is probably considerable site-to-site and year-to-year
variability ` this process. Regardless of which biochemical processes domi-
nate, physical processes (e.g., scouring, detention, burial) frequently have an
overriding effect on the ultimate nutrient balance. Although some wetlands
ha, e been shown to be effective nutrient sinks for long periods, our predictive
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ability is currently limited. For critical decisions, continuous monitoring of
sediment and peat accretion rates, hydraulic detention times, redox potential,
pH, and extractable aluminum may give an initial estimate of assimilative
capacity. Based on extensive studies of a palustrine (fen) wetland, Richardson
and Marshall (1986/MI:Pem) estimated that such a wetland could assimilate no
more than 10 to 15 kg/ha/year of phosphorus.

2.5.3 Interactions With Other Wetland Functions

Ground Water Recharge, Ground Water Discharge, Floodflow Altera-
tion, Sediment Stabilization. Nutrient removal/transformation normally has
no significant influence on these functions, except to the extent to which
it may regulate plant growth, which in turn may affect these functions via
changes in soil bulk density and evapotranspiration.

Sediment/Toxicant Retention. These functions are highly compatible.
Wetlands that are efficient at nutrient retention generally occur in low-energy
areas that favor sedimentation. Similarly, areas with rapid rates of sedimenta-
tion tend to trap nutrients within the substrate by burial. Moderately enriched
wetlands might also help detoxify some contaminants, because nutrient additions
stimulate the decomposition and denitrification processes responsible for con-
verting insoluble organics into harmless gases (e.g., Major et al. 1988).

Production Export. Although nutrient removal/transformation and
nutrient export would seem to be incompatible, this is not always the case.
For example, wetlands that maintain water quality by retaining inorganic
nutrients during a critical period (generally the growing season) may export
nutrients (nitrogen, phosphorus, and carbon) at other times of the year. Also,
wetlands that retain some nutrients on an annual basis may still play a valu-
able role in production export by changing the form of nutrients that are ex-
ported (e.g., changing inorganic nutrients to organic nutrients, see Elder
1985/FL:fo). The effects of enrichment on production and decomposition are
described in Section 2.5.2.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance. By alter-
ing the nutrient regime, nutrient retention may have either positive or negative
effects on fish and wildlife. For moderately enriched wetlands not susceptible
to anoxia and fish kills, nutrient retention in sediments or macrophytes should
have a neutral or beneficial effect on the in-basin fishery resource. If
nutrients are tied up in plants and not released until the end of the growing
season, lower light intensities and cooler temperatures then limit growth and
decay of oxygen-depleting nuisance algae. Nutrients can also mitigate the ef-
fects of moderate levels of contamination (Fairchild et al. 1984).

Recreation. Nutrient retention can enhance this function by preventing
downstream nuisance algal blooms and associated fish kills downstream, but
not necessarily within the wetland itself.
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Uniqueness/Heritage. The effects of nutrient removal/transformation on
this function depend on the situation.

2.5.4 Direct Economic Significance

Nutrient retention in wetlands, by limiting eutrophication of surface waters,
may help maintain fisheries and other economically important wildlife (e.g.,
furbearers, migratory waterfowl) and recreation. It may also reduce the neces-
sity for construction of costly waste treatment facilities (depending on the
desired use).

2.6 Production Export

2.6.1 Definition

Production export (Figure 7) refers to the flushing of relatively large
amounts of organic material (specifically, carbon from net annual primary and
secondary productivity)
from the wetland to down-
stream or adjacent deeper
waters. The relationship be- PRODUCTION EXPORT
tween exported production
and its eventual utilization
by consumers in the food
chain is not easily pre-
dicted. This is due in part
to the fact that the location
of production and the utili-
zation are often spatially ... FLUSHING OF ORGANIC MATERIAL DOWNSTREAM

and temporally separated.
Other mechanisms of produc-
tion export, such as insect Figure 7. Schematic representation of production export
emergence and consumption
by wide-ranging vertebrates,
further confound the relationship between production and consumption within
aquatic systems. At best, in large systems (e.g., estuaries), secondary produc-
tivity can be shown to be only very loosely correlated with primary production
and export from wetland systems (Nixon 1980/*, Livingston 1984/*FLE:E,
Odum 1984/*e), although in more confined aquatic systems where wetlands
dominated the landscape (e.g., Prairie Pothole Region), the correlation is
stronger (Carpenter and Lodge 1986/*ab). In some systems, production may
be augmented by chemosynthetic bacteria, but the magnitude of this interac-
tion is unknown (Valiela 1984/MA:E).
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This section examines the linkages between wetlands and downstream or
adjacent waters. It focuses on the production of organic foods within the wet-
land and the utilization of the exported production by fish and aquatic inverte-
brates. The release of nutrients through decomposition, although an important
factor in maintaining the productivity of both wetlands and adjacent waters, is
not extensively considered here, but is addressed in part in Section 2.5.

The high value for production export commonly ascribed to wetlands is
based on two attributes. First, wetlands have relatively high rates of primary
production. Indeed, primary production values for some wetlands (e.g., salt
marshes, mangroves, and freshwater marshes) are among the highest in the
world (Thayer et al. 1979/*Eab, Zieman 1982/*FL:ab). Second, wetlands are
often hydrologically linked to deepwater systems so the potential for export is
higher than for terrestrial systems. Flushing by currents and waves controls
the aquatic export of organic material from wetlands.

Net carbon export has been reported from many wetlands, particularly the
export of dissolved carbon from tidal wetlands (e.g., Teal 1962/GA:Eem; Cam-
eron 1972/*Eem; Day et al. 1973/LA:Eem; Nixon and Oviatt 1973/RI:Eem;
Moore 1974/VA:Eem; Eilers 1975/OR:Eem; Axelrod et al. 1976/LA:Eem;
Heinle and Flemer 1976; Settlemyre and Gardner 1977; Valiela et al. 1978/
MA:Eem; Phillips 1980/*Eab; Wolaver and Spurrier 1988a/SC:Eem). Further,
high fishery production in areas adjacent to estuarine wetlands provides correla-
tive support to the hypothesis that wetlands export particulate organic matter,
which supports detrital food chains and high fishery production (Turner
1977/*Eem; Bahr et al. 1983/*LA,MS). The value perhaps lies not so much in
the quantity of the carbon export, but rather in the efficiency with which it is
converted to fish biomass (Nixon 1988/*LE,M).

The primary productivity of wetlands and the link between wetlands and
deep water is well documented; however, the fate of wetland production is
still largely unknown. Some materials are leached from living and senescent
plants as dissolved organic matter. This material may be utilized by microbes
and other organisms within the wetland or exported (see Section 2.6). A large
amount of the production in wetlands is consumed by microbes within the wet-
land. Most is mineralized, but some is converted into microbial biomass that
in turn may be converted into fishery production via trophic intermediaries.

In situations where the wetland actually exports organic material, two ques-
tions must be addressed to determine whether there is a relationship between
exported organic material and fishery production. First, do fish and inver-
tebrates actually use this resource? Second, does the organic material that
originated in the wetland significantly increase fishery productivity over what
it would be without this resource.

Although wetlands definitely have the potential to export organic materials,
the chemical and physical processes involved are very complex and poorly
understood. Wetlands are clearly important in supporting fisheries by providing
habitat (Turner 1977/*Eem, Boesch and Turner 1984/*Eem), but there is no
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clear correlation between wetland area or production and total fishery yields
(Nixon 1980/*). The wetland evaluation in Volume UI makes no attempt to
evaluate the quality or value of exported production to consumer organisms,
nor to estimate its spatial and temporal distribution.

2.6.2 Processes

Major processes affecting production export are the following (Odum and
Heald 1975/*Efo, de la Cruz 1979/*, Livingston and Loucks 1979/*):

"* Productivity of potential food sources (macroscopic and microscopic).

"* Nitrogen-fixing ability of potential food sources.

"* Dispersal and cycling of potential food sources.

These are discussed below. Factors that control these processes are docu-
mented in Chapter 3.

Productivity of Potential Food Sources. All aquatic organisms are ultimate-
ly supported by at least one of the following food (energy) sources and their as-
sociated microbial populations:

"* Phytoplankton.
"* Dissolved and particulate organic run-off from uplainds (allochthonous

plant and animal material blown or washed into the waters).

"* Benthic and epiphytic attached microalgae.

"* Decaying or undecayed vascular wetland plants (macrophytes).

"* Macroalgae.

Only the last three of these groups are restricted to wetlands, as defined in
this manual.

Average productivity ranges of potential aquatic food sources in wetlands are
as follows:

* Phytoplankton: 100-2,000 g/m2/yr (Correll 1978/*E)
Maximum = 9,000 g/m2/yr (Westlake 1963/*)

* Benthic microalgae: 180-300 g/m2/yr (Correll 1978/*E)

* Macrophytes: 560-1,980 g/m 2/yr (Mitsch and Gosselink 1986:168/*)

* Nonwoody emergents: 1,370-1,980 g/m2/yr (Mitsch and Gosselink
1986:168/*)

Maximum = 8,500 g/m2/yr (Westlake 1963/*)
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* Aquatic bed: 340-940 glm2/yr (Adamus and Stockwell 1983/*:23-33)
Maximum = 5,000 glm 2/yr (Westlake 1963/*)

* Scrub-shrub: 575-980 g/m 2/yr (Brinson et al. 1981a/*fo)

* Forested: 870-1,040/g/m2/yr (Mitsch and Gosselink 1986:168/*)

Holding equal many factors, greater primary productivity usually implies
greater potential for supporting downstream or offshore food chains (McCormick
and Somes 1982/MD). On the other hand, in rare instances where excessive
plant growth blocks channels and raises the wedand surface, water circulation
and the flushing of potential food sources may be reduced at least seasonally
(Fisher and Carpenter 1976).

Wetland morphology, and ultimately geology, is a major factor in determin-
ing which potential food source (macrophytes, phytoplankton, etc.) is the most
plentiful in the wetland. If a wetland is shallow, sheltered, soft-bottomed, and un-
shaded, then macrophytes rather than benthic algae or phytoplankton are often
the most abundant potential food source. However, the various food sources
help to sustain one another. Nutrients released during the die-off of one plant
form can be essential to the productivity of another (i.e., the remineralization
cycle). For example, the nutrient cycling interdependence of salt marshes and
mud flats (Welsh 1980/NY:Eem, Wolaver et al. 1980/SC:E) as well as the
biogeochemical interactions between tall and short Spartina zones
(Chrzanowski and Spurrier 1987/SC:Eem) have been documented. On a larger
scale (Chesapeake Bay), Jordan et al. (1986/MD) noted:

The tidal marshes had very little effect on the net flow of
nutrients through the tidal headwaters. In addition, the net
effects of the low and high marshes were opposite and tended
to cancel each other. In contrast, the subtidal area trapped
large amounts of nutrients. As with the freshwater swamp,
much of the phosphorus trapping followed a severe storm.
Net nitrogen flux in the subtidal area varied from year to
year...However, the trapping of phosphorus occurred
consistently from year-to-year.

Despite much attention given to wetland macrophytes, many unobtrusive
plants, including some epiphytic algae, phytoplankton, and benthic algae, may
be at least as productive in some regions and wetland types as macrophytes
(Correli i978/*E, Diaz et al. 1982b/*E, Jones 1984/WI:Lab), and more valu-
able in food chains (Sculthorpe 1967/*, Naiman and Sedell 1980). The
epiphyte production in one shallow eutrophic lake was 48 to 79 percent of vas-
cular aquatic production (Jones 1984/WI:Lab).

Macrophytes increase the productivity of epiphytic algae by providing sur-
faces for attachment (Allanson 1973/UK:Lab, Cattaneo and Kalff 1980/QUE:ab,
Nelson and Kadlec 1984/*Pem, Thayer et al. 1984/*Eab), and stands of
macrophytes may even support higher phytoplankton production than does
open water (Rabe and Gibson 1984/Lab). However, heavy epiphyte growth
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can reduce the productivity of the "host" (Phillips et al. 1978, Bulthius and
Woelkerling 1983/AU:Eab, Thayer et al. 1984/*Eab).

Macrophytes also intercept floating detritus and microbes, causing them to
be deposited at least seasonally within the wetland (Dawson 1980, Adams and
Prentki 1982, Bulthius et al. 1984, Chrzanowski and Spurner 1987/SC:Eem,
Wolaver et al. 1988/SC:Eem). Substantial retention by salt marshes of eelgrass
and algal detritus from adjacent systems has also been reported (Seliskar and Gal-
lagher 1983/*Eem). Paradoxically, in some riverine systems, the lowest ex-
port of detritus often occurs where living macrophyte biomass is the greatest
(Fisher and Carpenter 1976), due to the ability of living macrophytes to trap
detritus arriving from upstream. However, others have pointed to large rafts
of flotsam as evidence of export (Zedler 1982/*CA:Eem, Josselyn
1983/*CA:tem, Cranford et al. 1987/NS:Eem). Organic matter entrained and
deposited within a wetland may also be flushed out during infrequent storms
(see discussion below).

Phytoplankton community productivity in some wetlands is less seasonally
variable than macrophyte productivity, with a diversity of species responding
in sequence to changing environmental conditions (Correll'1978/*E). How-
ever, currents and turbidity often limit phytoplankton production more severe-
ly than they do emergent plants (Hargrave et al. 1983/NS:ME; Gordon et al.
1985/NS:Eem). Whatever production occurs, however, may be more easily dis-
persed to consumer organisms.

Macroalgae also represent a significant portion of the productivity of some
wetlands (Thorne-Miller et al. 1983/R1:Eab), particularly in tidal areas. Al-
though benthic algae are productive year-round (Odum et al. 1984/*Ptem),
benthic microalgae are more productive in spring and fall than in summer
when macrophyte shading limits microalgae productivity (Nixon 1982/*Eem).
Systems with lower vascular plant productivity and more open canopies
generally have greater algal growth (Zedler 1982/*CA:Eem; Nelson and Kadlec
1984/*Pem). The contribution of benthic microalgae and epiphytes to wet-
land productivity varies from less than 1 percent in tidal freshwater (Whigham
and Simpson 1976/NJ:tem) and irregularly flooded salt (Nixon 1982/*Eem)
marshes on the East Coast to as much as 60 percent in hypersaline salt mar-
shes on the West Coast (Zedler 1982/*CA:Eem).

Although various wetland plant species have characteristic (if somewhat
overlapping) genetic capacities for primary production, the primary produc-
tivity of a wetland cannot be predicted solely by identifying its plant species
or noting their apparent physical vigor. Primary productivity of macrophytes
is most often a reflection of nutrient availability and other environmental con-
ditions rather than of species-specific genetic characteristics. Productivity
among macrophytes within the same wetland class is similar when each species is
present in a favorable environment for its growth. Factors that usually increase
macrophyte productivity are moderate increases in current, an aerobic substrate,
seasonal flooding, nutrient enrichment, longer growing season, and increased
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solar energy (e.g., decreased turbidity or reduction of canopy shading). These
are documented and discussed further in Chapter 3.

The effect of upland runoff on the productivity of estuaries has received
much attention (Cross and Williams 1981/*). However, freshwater input does
not guarantee a marsh's productivity. The strength of the salt-wedge counter
current (Boon 1975/VA:E, Tilley and Dawson) and mixing by tides and wind
are probably more important in making nutrients available for primary produc-
tion than is the amount of freshwater input (Nixon 1980, 1981/*). However,
the definition of the saltwater wedge can be enhanced by increased freshwater
(riverine) discharge, and a few estuaries do show correlations between fishery
harvest and freshwater discharge (Sutcliffe 1972, Nixon 1980/*).

Nitrogen-rudng Ability of Potential Food Sources. Whereas carbon is
added to the wetland environment by all plants, nitrogen is added by specific
nitrogen-fixing organisms (bacteria and blue-green algae), which can occur in
any wetland class or system. Commonly, they are present as floating or benthic
mats, or (at least in freshwater wetlands) in a symbiotic relationship with cer-
tain macrophytes (e.g., speckled alder, sweet gale, bayberry). In tidal wet-
lands, microbes are often the predominant nitrogen fixers (Carpenter et al.
1978/MA:Eem; Teal et al. 1979/*). Wetlands dominated by effective nitrogen
fixers might be just as important to production export in nitrogen-limited sys-
tems as wetlands with highly productive plant species. Nitrogen fixation by
wetlands was addressed in Section 2.5.2.

Dispersal and Cycling of Potential Food Sources. The productivity and
nitrogen-fixing ability of wetland plants is usually less important to production
export than is the widespread dispersal of fixed nitrogen and carbon through-
out the wetland and to contiguous areas downstream (Murphy 1962, Nixon
1980/*). This is suggested by the fact that flushing capacity varies to a much
greater degree among wetlands than does primary productivity, which varies
by a factor of about 10 in estuaries (Nixon 1980/*) and by a factor of 100 in
lacustrine wetlands (Carpenter and Lodge 1986/*ab). Production may be ex-
ported in the form of dissolved organic substances, particulate organic matter,
or even whole, mobile organisms such as finfish and birds.

Physical dispersal (export) of potential food sources from contiguous wet-
lands is probably due mainly to flushing during severe storm and tidal events
(Nixon and Oviatt 1973/RI:Eem; Pickral and Odum 1977/VA:E; Livingston and
Loucks 1979/*; Odum et al. 1979/*Ptem; Odum 1980/*Eem; Hackney and
Bishop 1981/MS:Eem; Casey and Farr 1982/UK:R; Elder and Mattraw 1982/
FL:fo; Verhoff et al. 1982; Borey et al. 1983J1"X:Eem; Simenstad 1983/*E; Tate
and Meyer 1983/GA:R; Livingston 1984/*FL:E; Mattraw and Elder 1984/
FL:fo; McPherson and Sonntag 1984/FL:E; Thayer et al. 1984/*Eab; Wolaver
et al. 1984/SC:E, 1988; Nixon 1988/*L,E,M). Major export can occur during
just one or a few storms. Seasonal or annual pulses of exporting energy (e.g.,
spring tides, storms, ice scour, mixing winds) may be at least as important for
long-term productivity and for food availability as are the seasonal pulses or
long-term trends in food production itself. Furthermore, these pulses need not
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be frequent. Rarely flooded wetlands may be nearly as important to produc-
tion export as permanently flooded wetlands if foods accumulating in the
wetland between floods are not lost through denitrification, burial, or peat for-
mation. Thus, the hydroperiod is more likely to control the form of the exported
nutrients, and ultimately their value to aquatic life, than the absolute amount of
nutrients (Elder 1985/FL:fo).

Other factors that influence dispersal include vertical mixing currents (Im-
berger et al. 1983/GA:E); uprooting by herbivores, e.g., geese, nutria (Smith
and Odum 1981); bioturbation by invertebrates (Gallep 1979); interconnected-
ness of underlying aquifers; shape of the wetland (Odum et al. 1979/*fo,
Odum 1980/*Eem); and, in estuaries, by strong salt-wedge countercurrents
(Ketchum 1967/*, Correll 1978/*E, Nixon 1980/*). The shape, density, and
decomposition rate of the material being dispersed also play a role.

It is commonly assumed that the most visible or easily measured material
leaving a wetland, usually particulate organic matter (e.g., seston and detritus
from macrophytes or riparian vegetation), is also the material exported in
greatest quantity. In reality, export of dissolved organic matter (leached from
both living and dead tissues of any alga or vascular plant) is the major form of
export from wetlands (Mickle and Wetzel 1978/Lab; Bilby and Likens 1979;
Mulholland and Kuenzler 1979/NC:fo; Nixon 1980/*; Brinson et al. 1981a/*fo;
Day et al. 1981; Zedler 1982/*CA:Eem; Borey et al. 1983/TX:Eem; Imberger
et al. 1983/GA:E; Jordan et al. 1983; Pregnall 1983; Valiela 1984/*; Mann
1988/*E; McDowell and Likens 1988/NH:R, Wolaver and Spurrier 19888/
SC:Eem).

The popularized role of tidal vegetated wetlands as major nutrient ex-
porters is not entirely certain either. Nutrients derived from wetlands have
been shown to enrich areas within 10 miles of the shore in Florida (Livingston
and Loucks 1979/*), from Florida to South Carolina (Turner et al. 1979/GA:E),
and in Louisiana (Ho and Rairett 1977/LA:E, Day et al. 1980/LA:fo). The enrich-
ment of coastal water by wetland-derived detritus and nutrients is less certain on
the West Coast (Onuf et al. 1979/*CA:Eem), Chesapeake Bay (Correll 1978/*E),
Narragansett Bay (Nixon and Oviatt 1973*LE,M), and other New England and
Maritime areas (Odum 1980/*Eem, Cranford et al. 1987/NS:Eem). In fact, for
the nation as a whole, levels of organic and inorganic nutrients in both the
water column and deepwater sediments do not appear to be substantially
higher near estuarine areas with much emergent wetland vegetation than in
areas with proportionally little (Nixon 1980/*).

If wetlands as a whole conserve rather than export nutrients and organic
matter (Kistritz et al. 1983/NC:Eem), what then is the fate of the enormous
productivity of wetlands? Generally, less than 10 percent of macrophyte
biomass is directly consumed. However, on a local basis, herbivores such as
geese, insects, snails, crayfish, muskrats, nutria, fish, and sea turtles may con-
sume up to half the peak plant biomass (Odum and de la Cruz 1967/GA:Eem;
Odum and Heald 1975/*Efo; Thayer et al. 1975/*Eab; Anderson and Low/
MAN:Pab 1976; Jupp and Spence 1977/UK:Lem; Crow and MacDonald 1978/*;
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Kiorboe 1980/EV:ab; Pomeroy and Wiegert 1981; Smith and Odum 1981; Zie-
man 1982/*FL:ab; Murray and Hodson 1984/GA:P; Odum et al. 1984/*Ptem;
Lodge 1985/IN:L; Lodge et al. 1985/IN:L). Such consumption probably
hastens export, both aerially and hydraulically (Watson et al. 1984/AU:Eab;
Stuart et al. 1985). Wetland plant detritus may also be heavily consumed by
commercially important species (e.g., Lewis and Peters 1984/NC:Eem;
Prouse 1986/NS:E,M).

Although some production is translocated downward to the roots, the storage
capacity of roots varies widely with species. In salt marshes, at least, the
below-ground production does not seem great (Hackney 1987/NC:Eem;
Valiela et al. 1984/MA:E), comprising perhaps only 5 percent of the total
production (Nixon 1982/*Eem).

The fate of below-ground production and how it varies from that of above-
ground production are also not known. Wetlands with deeply rooted macrophytes
that store most of their nutrients in roots are less likely to export nutrients, unless
the wetlands are deeply scoured or inhabited by an abundance of burrowing
organisms, or efficient herbivores (Smith and Odum 198 1/*). Factors that influ-
ence remobilization of below-ground carbon via decomposition include tempera-
ture, moisture, and root tissue chemistry (Clymo 1983/*). Anderson and Hargrave
(1 984/NS:Eem) found that of organic material (primarily Spartina spp.) buried in
a salt marsh, approximately 2 percent was leached to the water as dissolved
organic carbon, 78 percent was decomposed anaerobically (primarily sulfate
reduction), and 20 percent was decomposed by aerobic processes.

For above-ground plant production, the form assumed by exported plant
material depends mostly on its decomposition rate. This is influenced by:
(1) the inherent species-specific physical and chemical makeup of the plant,
especially the fiber content (Benner et al. 1985/GA:em); (2) the physical,
chemical, and biological (detritivore) environment through which it travels as
it decomposes; (3) the length of time elapsed since death; and (4) loading
rates of other organic matter to the wetland. Presumably, faster decomposi-
tion rates promote faster cycling of nutrients, higher net primary productivity,
and thus a greater quantity of material available for export, other factors being
equal. Algae and submerged (aquatic bed) plants are usually more readily
decomposed than emergent macrophytes (Chamie and Richardson 1978/*p,
Gallagher 1978/*, Godshalk and Wetzel 1978/*L), whereas woody plants, par-
ticularly evergreen species, are the slowest to decay (Sidle 1986). Decay rates
of specific freshwater plants are summarized by Odum and Heywood (1978/
*Ptem), and for saltwater plants by Kenworthy and Thayer (1984/NC:Eab),
Valiela et al. (1985/MA:Eem), and Wilson et al. (1987a). Rates range from
about 25 days to several years for woody vegetation. Decay is also enhanced
by environments with low salinity, high dissolved oxygen (Yates and Day
1983/VA:fo; Avnimelech and McHenry 1984), moderate current velocity, warm
temperature, fluctuating water levels, and large populations of fish or benthic
invertebrates (Hendricks et al. 1984/VA:L, Taylor and Hendricks 1987/VA:L).
Breakdown rates also are generally higher in rivers than in lakes (Hanlon
1982). These factors are discussed further in Section 3.7.
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The point at which decomposition yields products most useful to production
export cannot be specified, as not enough is known about what types and
proportions of the various by-products are most useful. Initial indications are
that the more soluble compounds-those released during the first few days of
decay-may be most nutritionally desirable (Godshalk and Wetzel 1978/*L,
Rice and Tenore 1981, Rice 1982, Valiela 1984/*). If wetland plants reduce
water column mixing (Morris and Barker 1977) and too much organic matter
accumulates, anoxic conditions may inhibit decomposition or make its
products less useful to food chains (Fenchel and Blackburn 1979/*). On the
other hand, if too little organic matter is present (e.g., flushing rate is great),
thresholds essential to the establishment of decomposing bacteria might be
reached more slowly. Further discussion of food availability is provided in
Section 2.7.2.

Another major pathway for export of carbon from wetlands is by mobile
organisms (Herke 1971/LA:Eem; Hackney 1977/MS-Eem; Knudsen et al. 1977/
LA:Eem; Weinstein 1979/NC:Eem; Pomeroy and Wiegert 1981; Weinstein and
Brooks 1983/NC:Eem; Thayer et al. 1984/*Eab). Release of gametes from both
plants and animals may represent a significant input to food webs in some
systems (Jordan and Valiela 1982/MA:Eem). Export of benthic microflora
(in amorphous aggregates) may also be important (Ribelin and Collier 1979/
FL:Eem).

2.6.3 Interactions With Other Wetland Functions

Ground Water Recharge, Ground Water Discharge, Floodflow Altera-
tion, Sediment Stabilization, Sediment/Toxicant Retention. Production ex-
port rates have minimal direct effect on these functions, but may affect
bulk density of sediments (an important hydrologic concern) and the retention
of metals.

Nutrient Removal/Transformation. Nutrient retention and export of or-
ganic material may be compatible because these functions involve different
nutrient forms. Nutrient retention may involve the storage of both organic
and inorganic forms, but retention of inorganic forms is more important in
reducing nuisance plant and algae blooms downstream. Exported production,
as defined herein, considers only organic compounds (including organically
bound nutrients) that are of potential value in food chains. Because wetlands
act as nutrient transformers, they could conceivably (and may generally) ac-
cumulate nutrients on an annual basis and still export organic materials.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance. Depend-
ing upon the quantity, quality, and sequencing of exported nutrients, as well as
dependence of species upon them, export of production from wetlands may be
extremely important in supporting food chains of many terrestrial and aquatic
species. Export of organic matter from wetlands may also prevent stagnation
resulting from the large biological oxygen demand that could otherwise reduce
faunal diversity and abundance. Production export (or peat accumulation) can
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strongly influence vegetation diversity in riverine wetlands (Day et al. 1988).
Detritus from plant production also reduces the bioavailability of some
toxicants while increasing that of others (see Section 2.4.2).

Recreation, Uniqueness/Heritage. Production export may cause nutrient
levels to become favorable (increased fish production) or unfavorable (algal
blooms and anoxia).

2.6.4 Direct Economic Significance

Some regional economies depend almost exclusively on fisheries that in
turn may depend heavily on wetlands for exported production. On the other
hand, exported nutrients may aggravate downstream pollution problems
caused by eutrophication.

2.7 Aquatic Diversity/Abundance

2.7.1 Definitions

Aquatic diversity/abundance (Figure 8) is the support of a notably great
on-site diversity and/or abundance of fish or invertebrates that are mainly con-
fined to the water and saturated soils. Fisheries, as defined in this manual, are
the finfish and shellfish resources harvested commercially or for sport within
the interior or coastal United States. Habitat includes those biological, physi-

cal, and chemical factors
that support larval, juvenile,

AQUATIC DIVERSITY/ABUNDANCE or adult forms of aquatic
organisms. Examples of
habitat factors are food, sali-
nity, temperature, substrate,
cover, current velocity, and
dissolved oxygen.

The procedure in
Volume II permits the as-
sessment of a wetland's

L• importance for general
Aquatic Diversity/

71.. Abundance, and its habitat
... DIVERSIT AND ABUNDANCE OF FISH AND suitability for four Fresh-

INVERTEBRATES water Fish Species Groups,
" REGULARLY FLOODED AGOOO W.Q. i/VEGETATION 90 individual species of

freshwater fish, and 133 in-

Figure 8. Schematic representation of aquatic diversity/ dividual species of salt-

abundance water fish, anadromous fish,
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and invertebrates. Freshwater Fish Species Groups include Warmwater Fish,
Coldwater Fish, Coldwater Riverine Fish, and Northern Lake Fish of sport or
commercial value.

Both diversity and abundance are addressed as one function. Although
diverse aquatic communities are not always productive and vice versa
(Whiteside 1970/EU:L, McNaughton and Wolf 1973/*), aquatic diversity and
abundance are often positively correlated (e.g., Franz and Harris 1988/NY:E).

Nearly all freshwater fish and many saltwater fish require shallow water
provided by wetlands at some stage of their lives for spawning, predator avoid-
ance, shelter from extreme environmental conditions, and feeding. Perhaps
two thirds of the commercial f'mfish harvest on the Atlantic coast consists of
estuarine (including deepwater) dependent species (McHugh 1966/*). How-
ever, not all wetlands serve as vital fish habitats. For example, many isolated
wetlands are too susceptible to lethal oxygen stagnation to support a sustained
fishery, and many acidic moss wetlands, hypersaline wetlands, and very shal-
low wetlands are unfavorable as well.

Vegetation increases the attractiveness of wetlands to most fishes (Hall and
Werner 1977/MI:L, Thayer et al. 1979/*Eab, Stoner 1983, Zimmerman and
Minello 1984/fX:Eem), but can discourage use by some species or size classes
(Vince et al. 1976/MA:E; Crowder and Cooper 1982; McIvor et al./VA:tem, in
press). Some 58 (44 percent) of the 133 fishes and invertebrates of commer-
cial or sport value that use saltwater wetlands of the United States show a
strong dependence on vegetated wetlands for habitat. About 27 (30 percent)
of the 90 freshwater species of commercial or sport value show such a depen-
dence. In both cases, many other species depend on wetlands occasionally for
habitat needs, and, as discussed in Section 2.6 (Production Export), some wet-
lands are broadly beneficial to fisheries through their ability to recycle and ex-
port nutrients (Turner et al. 1979/GA:E, Yoder et al. 198 1/M, Odum 1984/*e).

The dependence of specific marine and estuarine fishes on vegetated wet-
lands for habitat or nutritional needs can be inferred from harvest statistics.
The total catch of some individual marsh-dependent organisms such as
penaeid shrimp is proportionally greater along coastlines with a high propor-
tion of salt marsh (Turner 1977/*E, 1978/LA:Eem). Thirteenfold decreases in
shrimp abundance have been reported as a result of bulkheading a marsh
(Mock 1967/TX:E). However, the total fishery catch is not always greater in salt
marsh-dominated regions, whereas regions not dominated by salt marshes can
have rather high catches of estuarine-dependent fishes per unit area (Nixon 1980/*).

When harvest statistics indicate a large catch, it is seldom possible to deter-
mine whether this is due to shoreline habitat, nutrient cycling and export ca-
pacity (as discussed in Section 2.6), freshwater input, phytoplankton availability,
unreliable catch data, or some combination of these factors. Nationwide or
statewide estimates of fish habitat abundance are few. One survey (Carlander
et al. 1978/*) indicated that the percentage of total lake, impoundment, and
stream area inhabited in North America is 54 percent for northern pike,
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32 percent for walleyes, 26 percent for yellow per .h, 10 percent for saugers,
and 1 percent for muskellunge. More data on aquatic resource use (e.g., Judy et
al. 1984/*) and relative abundance are necessary to assess the significance of
various wetlands for particular species.

2.7.2 Processes

Specific factors affecting this function include:

"* Water quality (physical and chemical).

"* Water quantity (hydroperiod, flow, and depth).

"* Cover, substrate, and interspersion.

"* Availability and quality of food sources.

These factors can be highly interrelated and are important at every life stage.

Water Quality. Salinity and temperature are the water quality parameters nor-
mally most important to marine and estuarine fishes, with dissolved oxygen and
turbidity occasionally playing an important role. Freshwater fishes are most
often influenced by temperature and dissolved oxygen; turbidity, alkalinity,
and pH are sometimes important. All water quality factors can act on fishes
either directly (physiologically and behaviorally) or indirectly (by affecting
food supply).

Despite some popular notions to the contrary, estuaries are more important
as nursery areas than as spawning areas, at least in the Southeast (Odum and
Smith 1981/*Ptem). The most important nursery areas of most fisheries
spe, ies, at least on the south Atlantic and Gulf coasts, appear to be the fresher
(Rozas and Hackney 1983/NC:tem, 1984/NC:tem; Rogers et al. 1984/GA:Eem;
Smith et al. 1984/VA:tem), more turbid, shallower (but regularly flooded),
upper reaches of salt marshes and tidal creeks (Herke 197 l/LA:Eem;
Weinstein 1979/NC:Eem; Rozas and Odum 1987b/VA:tem), where primary
productivity per unit volume (but not per unit area) is also highest (Herman et
al. 1968/MD:E). Postlarval shrimp as well as finfish apparently seek out such
areas (Weinstein 1979/NC:Eem). Individuals then move seaward as they grow
(Yakupzack et al. 1977/1 A:Eem).

Temperature variation within an estuary may be great, particularly on a verti-
cal scale. No particular temperature range is optimal for fisheries species; it
varies by species, life stage, region, and duration of the acclimation period. In
fresh water, temperature is largely influenced by shading from vegetation and
relief, water depth and turbidity, ground water inflow, and mixing by wind
and currents. As long as dissolved oxygen remains adequate, most fish can
tolerate moderately elevated temperatures.
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Coldwater species are more sensitive to dissolved oxygen concentration
than warmwater or saltwater species. In general, the most diverse and produc-
tive freshwater and saltwater fishery usually occurs at concentrations of over
5 mg/i and at least 80 percent saturation, especially for coldwater species (Bell
1973/IL:fo). Concentrations of dissolved oxygen are most often lowered by
rising water temperatures, decomposing organic matter, plant respiration, and
input from deoxygenated grrmd water.

Alkalinity and pH, and related measures such as hardness and total dis-
solved solids, normally do not affect fish directly (physiologically), but often
influence productivity of algal and macrophytic plants that form the basis of
the food chain. This relationship may be less certain in riverine wetlands
(Hynes 1970/*R) than in lacustrine (Jenkins and Morais 1971/L) and palustrine
(Moyle 1945/MN) wetlands. Circumneutral to slightly alkaline pH and
alkalinities of at least 25 mg/l are believed to be optimal for productivity of fresh-
water fishes (Wesche and Rechard 1980/*R). Alkalinity and pH are largely re-
lated to wetland geology, climate, and amount of organic matter present.

Turbidity and related measures, such as total suspended solids and light re-
fraction, may occasionally be important limiting factors in both freshwater and
saltwater systems. However, because nutrient concentrations often are corre-
lated with turbidity, these effects are difficult to separate. Larval and juvenile
stages of some fishes benefit from turbid water because it affords them protec-
tion from predators (Cyrus and Blaber 1987a, 1987b; Minello et al. 1987/
TX:Eem). The direct effects of suspended sediment on fish (clogged gills,
etc.) are usually much less significant than indirect effects on spawning areas,
fish movements, and the food chain (from reductions in plant productivity due
to blocking of solar radiation) (Farnworth et al. 1979/*). However, even these
effects are not always significant. Instances where sediment additions had little
effect on aquatic invertebrate density have been noted by Chutter (1969), and Bar-
ton (1977/ONT:R). Minimal effects of sediment on species composition have
been noted by Hansen (1971/IA:R). Lack of impact in some of these instan-
ces may have been due to the timing of sedimentation events or to rapid flush-
ing of the added sediment.

Although direct tolerance to turbidity is species-specific, estuarine and
marine fishes tend to be more sediment-tolerant than freshwater species,
warmwater species more tolerant than coldwater species (Muncy et al. 1979/*),
and adult stages more tolerant than egg or larval stages. Many interacting
water quality parameters influence the exact threshold for sediment damage,
and percent departure from background levels (compared to natural variation)
is probably a better measure of impact in some situations than. are actual con-
centrations of suspended solids.

Water Quantity. Water quantity includes factors such as depth, volume, veloc-
ity, width, and hydroperiod. It directly affects the amount of living space availaole
to fish and their food organisms. It also affects fish passage, cycling of nutrients,
territoriality (Hynes 1970/*R), and light penetration crucial to photosynthesis and
respiration.
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Within the usual range of wetland depths (0 to 6.6 ft), no particular depth
range is generally better than another for aquatic diversity/abundance. Produc-
tivity of fish foods is often greater in shallower areas, both because such areas
receive more solar radiation and because they are more frequently subject to
dewatering, which (so long as plants are not scoured) increases nutrient
availability. Shallow areas also tend to support larger growths of macro-
phytes, which provide cover and harbor dense concentrations of invertebrate
foods (Menzie 1980/NY:Rab; Rozas and Odum 1987a/VA:tem). However,
deeper areas of wetlands are usually more stable and allow space for freer
movement. For adult fish, the minimum depth threshold is usually determined
by the size of the fish and the need for physical movement. Although most
adult finfish have difficulty navigating through shallow water, many commercial-
ly important aquatic invertebrates that are sessile in their adult stage (e.g.,
sandworms) can survive without continual surface water flooding. Larval and
juvenile fishes are also quite capable of movement in very shallow water. In
fact, such life stages probably select shallow areas because these provide food
and afford protection from large piscivorous fishes (Power and Matthews
1983/OK:R, Schlosser 1987/IL:R, McIvor and Odum 1988/VA:tem). The maxi-
mum depth threshold is usually related to fectors correlated with depth, such
as temperature, light penetration, and availability of macrophytes for cover.
The ratio of total dissolved solids to mean depth has frequently been corre-
lated with fish productivity in lacustrine wetlands.

Water velocity influences the movement and respiration of fish and, in the
case of filter-feeders, food availability. No single velocity range is best for
fish productivity, as both flowing and nonflowing waters may produce high
standing crops. For warmwater and saltwater species, relatively little is known
about optimum or maximum current velocities, but in general, thresholds are
probably lower than those for coldwater species.

Water velocity must also be considered in terms of other habitat needs.
Velocities or depths that normally exceed the preference range of a particular
species may be necessary within part of its home range to maintain habitat
suitability. For example, high flow velocities or increased depth may be neces-
sary to flush fine silt from spawning gravels, to reduce excessive growth of
wetland vegetation (which otherwise restricts access to invertebrate foods), or
to promote germination of wetland plants which require periodic flooding.

To support a fish community, isolated wetlands must have a permanently
flooded portion, but other wetlands need not. In fact, seasonally or irregularly
flooded wetlands may be critical to some riverine and palustrine species that
feed in such areas when flooded or that use seasonally flooded wetlands for
spawning and nursery habitat (Guillory 1979, Welcomme 1979/*, Baker and
Ross 1981, Pollard et al. 1983/LA:fo, Walker and Sniffen 1985). Productivity
and diversity of most warmwater fishes in riverine systems tend to be greater
where water levels are seasonally variable, although beyond some unknown
threshold, fluctuations become too frequent and aquatic vegetation essential as
cover cannot become established.
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Cover, Substrate, and Interspersion. Cover includes areas used for pro-
tection from predators and environmental extremes, or as substrate for feeding
and reproduction. Cover for fishes may be provided by low overhanging trees,
logs, boulders, vegetation, bottom sediments, undercut banks, water turbulence,
and turbidity. Requirements vary greatly among species and life stages, but in
general, partly submersed wetland plants provide suitable cover for most
aquatic invertebrates anct juvenile fishes (Turner 1977/*Eem; Boesch and
Turner 1984/*Eem). For adult trout, overhead riparian cover may be more im-
portant than cover provided by deepwater pools or boulders (Wesche et al.
1987/WY:fo). Cover needs may be greatest in larger wetlands and lower por-
tions of riverine systems, because these habitats have proportionately less
shoreline than other wetland areas.

Some data concerning substrate preferences are available, particularly for
coldwater riverine species, but these are closely interrelated with velocity pref-
erences. No single substrate type is uniformly important to fishery diversity
and productivity. Sand substrates are most likely to be unproductive for the largest
number of freshwater (Hynes 1970/*R) and saltwater invertebrates, but many ex-
ceptions exist. In estuarine systems where dissolved oxygen conditions are ade-
quate, loosely compacted (Turk et al. 1980/NS:E) and organic substrates may
be highly productive as fish nursery habitats. Invertebrates that support river-
ine fishes are most numerous where canopy vegetation allows considerable input
of terrestrial insects, or where aquatic bed or emergent vegetation is present in
moderate, interspersed amounts. Channels through vegetation are essential to
daily and seasonal movements of most species of adult fish.

Availability and Quality of Food. The general importance of macrophytic
detritus in wetland food chains has been suggested by studies using radio-
tracers, analysis of gut contents (Darnell 1961/LA:EL), and various other tech-
niques (Odum 1984/*e). Multiple stable isotope studies of nutritional pathways
in estuaries show that numerous species depend on vegetated wetlands for
their nutritional requirements (Peterson et al. 1985/MA:Eem; Heaton 1986/*;
Peterscn and Fry 1987). Organisms that rely on salt marsh cordgrass detritus
as an ultimate food source include mummichogs, mud snails, menhaden, hard
clams, blue crabs, and winter flounder. The value of detritus in feeding experi-
ments and stable isotope studies varied with plant species (Findlay and Tenore
1982/Eem, Smock and Harlowe 1983/VA:P), the age of the detritus (Kirby-
Smith 1976/*E, Smock and Harlowe 1983/VA:P), and the animal species
(Hughes and Sherr 1983/GA:E; Seliskar and Gallagher 1983/*Eem; Peterson
et al. 1985/MA:Eem).

Ir, most riverine systems, detritus from terrestrial and especially aquatic plants
is critical to the fishery food chain (Marzolf 1978/*fo). In Montana streams, the
greatest richness of stream invertebrates was associated with lake-outlet streams
that exported 300 to 600 mg/m 3 of particulate organic matter (Perry and Shel-
don 1986/MT:L,R), and lacustrine carbon outwelling increased stream macro-
invertebrate biomass in Quebec (Morin and Peters 1988/QUE:R). However,
inputs of seasonally flooded wetland plant material may reduce algal produc-
tivity and biomass in some receiving waters after an initial stimulatory effect
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(Jackson and Hecky 1980, Arvola 1984/EU:L, Guildford et al. 1987/MAN:L).
The inhibitory effect may be due to the humic matter's ability to tie up iron,
an essential plant nutrient (Sakamoto 1971, Koenings and Hooper 1976).

As a directly consumed food source, the live tissues of benthic algae and
phytoplankton are usually more digestible and perhaps more nutritious to
most aquatic consumers than are tissues of vascular macrophytes (Patrick
1967/*Eab; Kirby-Smith 1976/*E; Haines 1977/GA:Eem; Zedler et al.
1980/CA:Eem; Peterson 1981/*E). Vascular macrophyte detritus, although
commonly ingested by wetland fish (Werme 1981, Jeffries 1982, Lewis and
Peters 1984/NC:Eem), is not necessarily assimilated (Buchsbaum et al.
1986/MA,NJ:Eem, White et al. 1986), and growth of detritivores may be slow
(Prinslow et al. 1974, Tenore 1977/*, Briggs et al. 1979, White et al. 1986).
The value of the ingested detritus may ultimately depend less on the nutritional
value of the detritus itself than on the microbes and algae that colonize it
(Newell 1965; Darnell 1967/*; Fenchel 1970/FL:Mab, 1972; Odum 1970a;
Gallagher et al. 1976/GA:Eem).

Value may also depend on the ability of the detritus to serve as a durable
substrate, capable of being reprocessed repeatedly (Montague 1987/*), be-
cause nutritional value is greatest when detritus is fine and well processed
(Naiman and Sedell 1979). Some evidence of the food value of vascular plant
detritus has been based on the assumption that a declining carbon-to-nitrogen
(C:N) ratio is in fact indicative of increasing nutritional value. This has been
demonstrated for decomposing estuarine emergent species (Odumi and de la
Cruz 1967/GA:Eem; Adams and Angelovic 1970/*Eab; de la Cruz 1975),
eelgrass (Thayer et al. 1977), mangrove leaves (Odum and Heald 1975/*Efo),
and a variety of freshwater species (Brinson 1977/NC:fo, Odum and Heywood
1978/*Ptem). However, other studies suggest that the C:N ratio is not neces-
sarily correlated with nutritional value (de la Cruz 1980/*Eem; Hackney and
de la Cruz 1980/MS:Eem).

Many saltwater species (e.g., oysters, clams, menhaden) may benefit at
least as much from phytoplankton and other food sources as they do from de-
tritus (Odum 1984/*e). Evidence chiefly from laboratory feeding experiments
also indicates that some commercially important organisms may derive greater
nourishment directly from phytoplankton (Heinle et al. 1973/MD:E, Kirby-
Smith 1976/*, Haines 1977/GA:Eem, Williams 1980) or DOC (Gallagher et
al. 1976/GA:Eem). Also, DOC from many plant sources may be more useful
to food chains than detritus, because it is converted directly and efficiently into
bacterial biomass (often forming amorphous aggregates), which is immediately
available to deposit- and filter-feeding organisms such as shellfish (Gallagher
et al. 1976/GA:Eem; Correll 1978/*E), amphipods, tadpoles, and fish (Baylor
and Sutcliffe 1963; Bowen 1980, 1981, 1984/SA; Barlocher et al. 1988).
Algae and vascular plants may also use DOC. However, other evidence suggests
that much of the DOC exported from wetlands is in a form that is not readily
assimilated (Wallis et al. 198 1, Matson and Klotz 1983/CT:E, Imberger et al.
1983/GA:E, Hill 1985/TX:Pem,Lem).
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Perhaps the most important way in which wetlands affect the quality of
potential food sources is the manner in which they regulate the conversion of
inorganic phosphorus and nitrates into organic compounds (Mattraw and
Elder 1984/FL:fo; Elder 1985/FL:fo). This is essential because most inver-
tebrates and fish cannot directly use these substances in their dissolved inor-
ganic forms; only their organic by-products are useful.

The export of large quantities of a high-quality food means little unless it is
available at a season when consumers are present. Aquatic organisms generally
have evolved either to maximize use of specific foods predictably available at
various times of the year, or to be opportunistic in their food selection. For ex-
ample, the timing of shorebird migration may be keyed to the precise season
of food availability in wetland sediments (Schneider and Harrington 198 l/MAE),
and migration and spawning of blue crabs along the west coast of Florida is
timed to take advantage of spring detritus inputs from the Apalachicola River
(Livingston 1984/*FL:E).

Seasonal and life stage-related shifts in the types of food sources used have
been documented for many organisms (Nixon and Oviatt 19731RI:Eem;
Haines and Montague 1979/GA:Eem; Whitlatch 1982/*E; Cudlip and Perry
1988/MN:L). Many aquatic organisms maximize use of detritus and perhaps
dissolved organic matter in late fall, winter, and early spring, when other food
sources may be less available (Vannote et al. 1980/*R; Mulholland 1981/
NC:fo; McCormick and Somes 1982/MD; Whitlatch 1982/*E). As waters be-
came warmer and less turbid in late spring and summer, plankton may be
more extensively used because of their abundance (Livingston and Loucks
1979/*). In upper riverine systems, many fish shift from a diet of attached
algae in spring and summer, to terrestrial insects that drop or are blown in
during summer, to detritus-associated aquatic invertebrates in autumn and
winter (Hynes 1970/*R). In early fall, aquatic macrophytes may be the major
energy source (in mid-order riverine systems) when periphyton production is
decreasing and allochthonous input has not yet become important (Hill and
Webster 1983/*Eem). In lacustrine systems, detritivores may depend on
detritus from fringe wetlands during summer and autumn, and then shift to
external sources (e.g., entrained leaf litter) during winter and spring (Cudlip
and Perry 1988/MN:L).

One conclusion emerges from the above: no single food source is of over-
whelming importance to all fish and invertebrates in all wetland areas. The de-
gree to which a reduction in the productivity and/or use of one source will be
compensated for by an increase in the productivity and/or use of another is not
known. This suggests that perhaps the best situation for stable, diverse, and
sustained fish production is a diversity of food sources that provide food
throughout the year.
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2.7.3 Interactions With Other Wetland Functions

Ground Water Recharge, Ground Water Discharge, Floodflow Altera-
tion. Aquatic organisms have no significant influence on these functions.

Sediment Stabilization, Sediment/Toxic Retention. Aquatic organisms
normally have no significant influence on these functions. However, carp and
perhaps a few other large fish may occasionally decimate aquatic vegetation and
cause appreciable resuspension of sediments in shallow areas (Robel 1961).

Nutrient Removal/Transformation, Production Export. Fish kills may
have dramatic effects on the nutrient dynamics of wetlands, particularly those
wetlands that are poorly flushed (Kushlan 1974/FL). Less dramatic is the
nutrient cycling role of fish that stir up sediments, uproot or feed on vegeta-
tion (e.g., carp), or travel large distances on a regular basis (Nakashima and
Leggett 1980). Fish and aquatic organisms also may contribute to food chain
support by serving as prey to other fish. Burrowing and feeding by some
invertebrates may enhance the release of deeply buried nutrients, as well as
contaminants.

Wildlife Diversity/Abundance. An abundance of fish and other aquatic or-
ganisms can benefit many wetland-dependent wildlife species, such as water-
fowl, herons, kingfishers, mink, otter, and raccoon. However, wetlands that
offer ideal habitat for aquatic organisms do not necessarily provide ideal
habitat for wildlife. Predation by fish (e.g., northern pike) on young water-
fowl may be significant in some localized areas. Also, wildlife may use some
fish of high commercial value (Wood 1987/BC:R).

Recreation. Fish are a major focus of water-dependent recreation. Recrea-
tional boating is typically associated with fishing in many regions.

Uniqueness/Heritage. Aquatic diversity/abundance may contribute sig-
nificafitly to the uniqueness/heritage of an area. However, in certain situations,
high populations of "rough" fish may negatively impact the unique-
ness/heritage of a wetland (e.g., Robel 1961).

2.7.4 Direct Economic Significance

The contribution of fisheries to the economy varies greatly from region to
region. In areas such as coastal New England, the Chesapeake Bay, and the
Gulf Coast, fisheries are clearly vital to the regional economy.
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2.8 Wildlife Diversity/Abundance

2.8.1 Definitions

Wildlife diversity/abundance is the support of a notably great on-site
diversity and/or abundance of wetland-dependent birds. This focus on birds
should in no sense imply that other wetland-dependent wildlife, such as many
furbearers (e.g., muskrat, nutria, beaver, mink, otter, and raccoon), other main-
mals (e.g., water shrews, swamp rabbits, seals, manatees), most amphibians, and
some reptiles (e.g., bog turtles, sea turtles, water snakes, alligators), are any less
important or dependent on wetlands. Future revisions will incorporate other ver-
tebrate groups.

In addition to the general Wildlife Diversity/Abundance evaluation, Volume II
assesses wetlands for Breeding, Migration, and Wintering Diversity/Abundance,
which evaluates the capability of wetlands to support wetland-dependent birds
during each of these periods. In addition, habitat suitability may be evaluated for
14 waterfowl groups and 120 individual species of wetland-dependent birds.

In the "Social Significance" part of Volume II, higher ratings are assigned to
wetland types that are located in regions of major concern for waterfowl, as
well as those that support wildlife species of special importance (e.g.,
threatened and endangered species), with exceptionally narrow habitat require-
ments, or extremely limited distribution in the region. Thus, off-site as well
as on-site considerations are addressed by WET in Volume II.

Both diversity and abundance are addressed as one function. Although
diverse bird communities are not always productive and vice versa, in many
instances diversity and abundance are positively correlated. (e.g., Gauthreaux
1978/*fo). Volume II does not require that both parameters exist.

Wetland-dependent species are defined as those that: (a) normally use wet-
lands exclusively for food and cover throughout most of their US range and
spend most of their lifetime within wetlands or (b) would be extirpated from a
large region if all wetlands were to be filled. Scores of animals that use wet-
lands as sources of drinking water, winter cover (e.g., white-tailed deer and
ring-necked pheasants), dispersal centers within urban areas (e.g., opossum),
or for occasionally obtaining other life requirements are not included. The de-
gree of dependence by any given species on wetlands often varies greatly
depending on the abundance and distribution of wetlands and on suitable alter-
native habitats within the region. For example, urban wetlands and riparian wet-
lands in the arid Southwest support species that in other parts of their ranges are
much less likely to inhabit wetlands.

Few of the species described in this manual can adjust to using terrestrial
environments if their wetland habitat disappears. However, some appear to be
adapted to the naturally dynamic character of wetlands and may travel great
distances in search of replacement wetlands. Their success in doing so depends
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on the distribution and habitat quality of other wetlands. There are no known
cases where a loss of wetland habitat resulted in a population shift to the
remaining wetlands without adverse impacts on the total population (Clark
and Clark 1979/*, Baines 1988/UK:Pem).

Although the wetland-upland edge is often among the most diverse and
productive environments for wildlife (Brinson et al. 1981a/*fo), species rich-
ness and population densities in wetlands are sometimes lower than those of
adjacent uplands. When viewed from a geographically broader perspective,
however, wetlands contribute to the presence of many species that otherwise
would be absent from the regional fauna. For example, monotypic moss wet-
lands (bogs) and tidal emergent wetlands (salt marshes) frequently have im-
poverished breeding bird faunas, but many of the species that occur in them
(e.g., palm warbler and seaside sparrow, respectively) are highly specialized
and unlikely to breed in other wetland or terrestrial environments.

The following criteria have been suggested by scientists of the Internation-
al Union for the Conservation of Nature (Szijj 1972) as defining wetlands of
international significance for birds:

"* Regularly supports 1 percent (minimum of at least 100 individuals) of
the flyway or biogeographical population of one waterfowl species.

"* Regularly supports 10,000 ducks, geese, swans, or American coots, or
20,000 wading birds.

"• Supports an appreciable number of endangered plant or animal species.

"* Is of special value for maintaining genetic and ecological diversity be-
cause of the quality and peculiarities of its flora and fauna.

"* Plays a major role in its region as habitat for plants and animals of
scientific or economic importance.

In a survey of waterfowl migration/wintering habitat in the United States,
Bellrose and Trudeau (1988/US) reported the following to represent at least
"moderate" densities of waterfowl (number of birds per acre per day):

Dabbling Bay

Flyway Ducks Divers Go*"

Atlantic Flyway 0.17 0.36 0.26

Mississippi Flyway 0.44 0.06 0.13

Central Flyway 0.73 0.09 0.34

Pacific Flyway 2.87 0.21 0.41
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2.8.2 Processes

The major factors affecting this function are:

"* Area size.

"* Availability of cover

* Availability of food.

* Availability of specialized habitat needs.

* Spatial and temporal arrangement of the above factors.

* Isolation from disturbance.

* Absence of contaminants.

All of these are necessary at every season and life stage.

Area Size. The relationship between bird species diversity and the size of
an area has been well documented in studies of island biogeography (e.g.,
MacArthur and Wilson 1967, Harris 1984/*fo). Changes in species richness
generally lag behind changes in area, although a unit change in small areas will
have a proportionately greater impact than a unit change in large areas. This
topic is discussed in more detail under Predictors 2 and 3 in Section 3.9.

Availability of Cover. Cover consists of features used by birds for protec-
tion from predators, conspecifics, and the elements. In wetlands, cover may be
provided by woody and herbaceous vegetation, large rocks, topographic relief,
debris from upland sources, undercut banks, or the water itself. What constitutes
adequate cover depends upon the particular species or species groups of inter-
est. For example, a 4-inch-high growth of sedges provides poor cover for geese
but may provide adequate cover for sora rails. Seaside sparrows normally
remain well concealed in coastal salt marshes, whereas wintering harlequin
ducks prefer marine waters off exposed peninsulas even during the fiercest
storms. The cover needs of a particular species may also vary seasonally.
The presence of man-induced disturbance such as recreational activities may
diminish the quality of available cover for an individual species (e.g., Kaiser and
Fritzell 1984/MO:R, Korschgen et al. 1985/MO:PL, Hoy 1987/'TX:L).

The availability of cover is perhaps most influenced by a wetland's hydro-
period. Some birds nest successfully in flooded wetlands (e.g., redhead
ducks, prothonatary warblers). Other nesting birds may leave wetlands when
flooding submerges emergent vegetation, but flooding may benefit some species
as it provides new areas around the wetland periphery that formerly were dry
uplands. Temporary drawdown or drought usually encourages lush growth
of wetland plants, which is ultimately beneficial as cover (Weller 1978/*), but
may also allow isolated islands valuable to nesting waterbirds to become tem-
porarily accessible to predators.
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Availability of Food. Wetland birds represent the full range of feeding
strategies. Some are opportunists, others are specialists; some are herbivores,
others are carnivores, insectivores, or omnivores; some are aerial feeders,
whereas others feed on the ground, in the water column, or in sediment. Thus,
it is not possible to evaluate a particular wetland as a food source without con-
sideration of the species involved. For waterfowl, rooted vascular aquatic bed
vegetation is very important. Shorebirds (e.g., sandpipers and plovers), which
are common in wetlands, at least during migration, generally avoid aquatic
bed vegetation and favor invertebrate-rich unconsolidated mud and sand flats.

Food habits of wetland wildlife vary both regionally and seasonally. To
some extent, birds can shift among various food sources, but the limits of
adaptability (i.e., the magnitude, duration, and frequency of the shift) of most
species are unknown. For example, brant shifted to sea lettuce during the
1930s when eelgrass temporarily declined (Cottam et al. 1944/E). Although
such flexibility may prevent species extinction, some loss to the population
often results. Many species make trophic-level shifts on a seasonal basis. For
example, many waterfowl species shift from being secondary consumers
during the breeding season to primary consumers during the winter (Weller
1975/*). Young of many species eat animal matter during periods of rapid
growth, and then shift to plant matter as they mature (Swanson 1988/*).

Availability of Specialized Habitat Needs. Habitat needs that are not direct-
ly related to food and cover may be termed specialized habitat needs. For ex-
ample, bald eagles typically require very tall trees adjacent to open water for use
as perches. Cliff swallows need exposed shorelines or puddles as a source of
mud for their nests. Examples of nest sites for other species include tree cavities,
snags, and islands of various sizes and in various stages of vegetative succession.
Such requirements are usually quite inflexible.

Spatial and Temporal Arrangement of Habitat. Perhaps the most criti-
cal factor affecting the wetland bird community is the diversity and intersper-
sion of habitat types available. Harris et al. (1983/WI:P) found that bird
species diversity in freshwater marshes of Michigan was related linearly with
cover type diversity, and curvilinearly with the degree of interspersion. Studies
of waterfowl have indicated that breeding populations are more highly corre-
lated with total length of wetland shoreline in a region than total acreage of
wetlands (Weller 1979/*). Prairie-nesting waterfowl in particular seem to re-
quire a wide variety of closely associated wetlands within their home range
(e.g., Dwyer et al. 1979/ND, Flake 1979/*), and multiple cover types are also
important to shorebirds (Page et al. 1979/CA:E). Upland bird communities
are also typically more diverse and productive along wetland edges (Brinson
et al. 1981a/*fo).

When many wetland types are present and distributed evenly throughout a
wetland (high interspersion), the "edge effect" is maximized. The amount of
cover type diversity and interspersion required is species specific, but in
general is inversely related to an animal's home range size (Leopold 1933/*).
There are probably limits to the degree to which "edge" is beneficial. At
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some point, especially for animals with larger territories or requirements for
isolation, habitat can become too fragmented. For example, the curvilinear
relationship that Harris et al. (1983/WI:P) observed between habitat intersper-
sion and bird species diversity suggests that species diversity decreases, or at
least reaches an asymptote, as the size of individual cover types becomes very
small. This threshold is presently unknown for most species (Kroodsma 1979/*),
but preliminary data from nonwetland habitats, possibly applicable to forested
wetlands, suggest that diversity decreases rapidly once the stand becomes smaller
than about 80 acres (Thomas et al. 1979/*OR). The exact threshold may vary
not only by species but also by season.

Vegetation structural diversity is particularly important for supporting
diverse bird communities and has been addressed in several studies (see
Predictor 12 in Section 3.9). Both vertical and horizontal variation must be
considered.

In addition to spatial diversity within a wetland, it is crucial that a variety
of wetland types also be present throughout a region in order to provide
habitat to a wide variety of species. This is particularly true in regions subject
to climatic perturbations such as drought (mostly those where evaporation ex-
ceeds precipitation) or catastrophic flooding (e.g., intense storm regions).
Regional wetland diversity is also of particular importance to migratory birds
(Chabreck 1979/*b, Weller 1979/*). This topic is discussed further under
Predictors 3 and 38 in Section 3.9.

2.8.3 Interactions With Other Wetland Functions

Ground Water Recharge and Discharge, Floodflow Alteration. Although
this interaction is usually negligible, beaver dams may have some temporary
local influence.

Sediment Stabilization, Sediment/Toxicant Retention. Herbivorous water-
fowl occasionally overgraze local aquatic vegetation, thus aggravating erosion and
sedimentation.

Nutrient Removal/Transformation, Production Export. Colonial water
birds and concentrations of feeding gulls and waterfowl may occasionally play a
key role in dispersing or concentrating nutrients within a watershed, at least
during certain seasons (Burton et al. 1979/FL:fo). Waterfowl that extract roots
as well as above-ground portions of aquatic plants may be critical for cycling ap-
preciable amounts of nutrients (up to 58 percent of plant biomass) that would
otherwise remain buried and unavailable to aquatic food chains (Smith and
Odum 1981).

Aquatic Diversity/Abundance. Birds may have a significant impact on
aquatic diversity/abundance through direct consumption. For example, Wood
(1987) found that predation by common merganser broods could significantly
reduce Pacific salmon abundance in some streams.
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Recreation. Wildlife observation is often a focus of recreational boaters,
particularly canoeists.

Uniqueness/Heritage. Bird diversity/abundance may contribute significant-
ly to the uniqueness/heritage of an area. However, in certain situations, the
presence of large numbers of birds may become a nuisance or cause damage to
areas considered important for uniqueness/heritage.

2.8.4 Direct Economic Significance

Birding, hunting, and other wildlife-oriented recreational activities are
important to many local and a few regional economies. Dollar values from the
national harvest of wetland-dependent wildlife are given by Chabreck (1979a)-
Depredations by wetland-associated birds may result in locally significant crop
losses. Bird collisions with vehicles, especially aircraft, may result in extremely
hazardous and costly damage.

2.9 Recreation

2.9.1 Definitions

Recreation includes both consumptive (e.g., sport fishing, food gathering,
hunting) and nonconsumptive (e.g., swimming, canoeing, kayaking, birding)
forms of recreation that are water dependent and occur in either an incidental
or obligatory manner in wetlands.

Many wetlands in the United States do not regularly support recreational
activities, not necessarily because they are unsuitable, but rather because they are
isolated from population centers. Their importance may yet be realized as the
demand for recreation increases.

2.9.2 Interactions With Other Wetland Functions

Ground Water Discharge and Recharge, Floodflow Alteration. Probably
no significant interaction exists.

Sediment Stabilization, Sediment/Toxicant Retention. Use of wetlands
for power boating and swimming accelerates shoreline erosion, resuspends
sediments, and may provide more opportunity for trapping suspended sedi-
ments. These activities may also reduce sediment-trapping effectiveness by
reducing shoreline vegetation.

Nutrient Removal/Transformation, Production Export. Domestic
wastes from large boats and onshore recreational facilities may enrich wet-
lands and provide an opportunity for nutrient retention, nutrient removal, and
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perhaps production export. Blue-green algae commonly associated with en-
richment are fixers of nitrogen, and thus might ultimately enhance production
export, especially in estuarine and marine environments. Effectiveness of
retention might decline if boats and swimmers resuspend nutrent-laden sedi-
ments otherwise destined for long-term burial, or if recreational wastes impose an
oxygen demand sufficient to alter the direction of nutrient fluxes in the sediments.

Aquatic Diversity/Abundance, Wildlife Diversity/Abundance, Unique-
ness/Heritage. The effects of disturbance from water sports on these functions
are negative or neutral. The magnitude of these effects generally depends on
the frequency of disturbance, but few thresholds have been determined.
Habituation of wildlife to disturbance can have an important mitigating effect
in some instances. By altering levels of nutrients and suspended solids, recrea-
tional activities can affect the abundance of wetland plants that serve as food
and cover for fish and wildlife.

2.9.3 Direct Economic Significance

Wetland-based recreation is important in many local and regional economies.

2.10 Uniqueness/Heritage

2.10.1 Definitions

Uniqueness/heritage includes use of wetlands for aesthetic enjoyment, na-
ture study, education, scientific research, open space, preservation of rare or
endemic species, protection of archaeologically or geologically unique fea-
tures, maintenance of historic sites, and an infinite number of other mostly in-
tangible uses.

Whether or not one considers Uniqueness/Heritage a valid wetland value
depends on one's cultural, philosophical, and theological perspectives. For in-
stance, some groups view wetlands primarily as a major source of insect and
wildlife pests or may consider protection efforts a threat to the Nation's
economic survival. Others view wetlands in the same manner that our society
views art as an entity that is appreciated and protected, not for any practical
reason, but just because it is there, and somehow special. This view (i.e.,
"heritage value") may be held by millions of people, including some who have
never seen a wetland.

Wetlands may be protected to preserve our options for the future. For ex-
ample, harvesting the peat contained in many wetlands may be uneconomical
today, but future energy needs may call for its use. Destruction of wetlands
may preclude this option. Similarly, it is uncertain how much, if any, of the
biological gene pool can be sacrificed through species extinctions before profound
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ecological disruption results. There is also uncertainty about how much of a wet-
land can be sacrificed before profound functional changes occur, either to the
wetland or to regional resources. See Chapter 4 for a discussion of the social
significance of this function.

2.10.2 Interactions With Other Functions

This function is generally compatible with all other wetland functions.
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The purpose of this chapter is to provide the rationale, and supporting infor-
mation, for each of the predictors of wetland function used in Volume II of the
Wetland Evaluation Technique (WET). WET's interpretation keys use these
predictors in a heuristic, hierarchical manner to evaluate wetlands with respect
to their opportunity and/or effectiveness at performing individual functions
(see Section 2.0). The predictors are variables that directly or indirectly
measure the physical, chemical, and biological processes or attributes of a wet-
land and its surroundings.

This chapter is organized by function and predictor, with individual predic-
tors referenced according to their corresponding question numbers in Volume II.
Information provided for each predictor includes the following:

Ranking. A statement that describes how wetland types or attributes
would be ranked by WET if the specified predictor were the only criterion for
evaluation.

Rationale. A description of the logic used to arrive at the ranking, and infor-
mation (when available) quantifying the relationship of underlying processes to
the predictor, or that of the predictor to its function.

Confidence in Ranking. A subjective estimate of the relative confidence
that should b -d in the stated rankings based on the quality and
availability ot supporting information. Factors most likely to lead to different
rankings of wetland types are noted. Such factors include differences in re-
search methods, regions, species or life stages, wetland systems, seasons, and
interacting physicochemical influences.

Potential Importance to Function. A subjective estimate of the relative
importance of the named predictor to the function (i.e., how integral the
predictor is to the wetland process or attribute being evaluated).

WES TR WRP-Dl--2, October 1991 Prediction of Wetland Effectiveness and Opportunity



Chapter 3.0 3.1 Ground Water Recharge

Measure. A brief description of the information that must be collected to
respond to the question relative to a specific predictor.

Directness of Measure. A subjective estimate of the relative directness of
the relationship between the measure and its associated function. In some cases,
more direct but time-consuming measures are mentioned if their use will improve
predicting power.

A crucial assumption for all rankings in Chapter 3 is that all other predictors
are held constant. This assumption is not a part of the technique presented
in Volume H. In fact, the interpretation keys in Volume II were structured in
a manner that attempts to account for the host of interactions among predic-
tors in different situations. The simplifying assumption used in the present
section was made so the basic structural elements of WET could be presented
clearly.

3.1 Ground Water Recharge

1. Climate

Ranking: With respect to ground water recharge, climate is used in the
keys as a classification variable rather than a predictor, i.e., if the wetland is
located in a precipitation-deficit region, one set of predictors is used, whereas
if precipitation exceeds evaporation, another set applies.

Rationale: Not applicable.

Confidence in Ranking: Not applicable.

Potential Importance to Function: Not applicable.

Measure: Identification of precipitation-deficit regions.

Directness of Measure: Not applicable.

6. Local Topography

Ranking: Ground water recharge is more likely to occur in situations where
the topographic relief is characterized by a sharp downslope away from most of
the wetland than in situations where terrain is generally level.

Rationale: Although many exceptions exist, the slope of the water table
often parallels the topography of the land surface (Fetter 1980/*). Thus, when
local topography slopes sharply away from the wetland, the water table will
likely slope away as well, resulting in a hydraulic gradient favorable for move-
ment of water into the ground water system. For example, wetlands located
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near the rim of a plateau or crest of a regional watershed divide (e.g., separating
the watersheds of two large streams) are more likely to experience recharge
(Dunne and Leopold 1978). Playa wetlands have also evidenced recharge
(Wood and Osterkamp 1984).

Confidence in Ranking: Low.

Potential Importance to Function: Moderate.

Measure: Identification of special topographic features such as topographic
divides, or significant elevational changes.

Directness of Measure: Low. Measurement of ground water gradients is
preferred to measurement of surface topography.

8. Inlets, Outlets

Ranking: A wetland with a permanent inlet but no permanent outlet is
more likely to recharge ground water than one with an outlet. A wetland
with neither an outlet nor an inlet is intermediate in likelihood of recharging
ground water.

Rationale: Several factors support this ranking. First, a higher hydraulic
gradient will likely be present in an area with no outlet, especially if an inlet is
present. Second, the longer water is retained in an area, the greater the oppor-
tunity for it to percolate through the substrate. Third, wetlands without outlets
generally experience more water-level fluctuations, resulting in inundation
of unsaturated soils. Unsaturated soils are more likely to transmit water than
saturated soils. Finally, lack of an outlet suggests that water is being lost either
through recharge or through evapotranspiration, especially if an inlet is present.

Confidence in Ranking: Moderate (humid regions) to low (arid regions).

Potential Importance to Function: Moderate.

Measure: Identification of inlets and outlets for surface flow.

Directness of Measure: Moderate. In areas of karst terrain, disappearing
surface water does not necessarily indicate recharge to deep aquifers.

10. Wetland System

Ranking: Palustrine, lacustrine, and riverine systems are more likely to
recharge ground water than are marine and estuarine systems.

Rationale: Marine, estuarine, and most tidal riverine systems have insuffi-
cient vertical head to recharge ground water on a net annual basis. Also,
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recharge with saline waters is usually not desirable. Riverine systems may
have higher recharge potential than lacustrine or palustrine systems due to
their greater soil diversity and seasonal inundation of coarse, unsaturated
floodplain sediment (Mundorff 1950/NC:R). However, this is usually offset
by their lack of sufficient vertical head on a year-round basis.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of wetland system as described by Cowardin et al.
(1979/*).

Directness of Measure: Low.

11. Fringe Wetland or Island

Ranking: Fringe or island wetlands are least likely to recharge ground
water.

Rationale: Near shorelines, ground water discharge is more likely to occur
than recharge (McBride and Pfannkuch 1975/MN:L, Winter 1977/:L). Fringe
wetlands or those associated with islands have proportionately more shoreline
than nonfringe or nonisland wetlands. Thus, these wetlands will be more likely
to discharge, rather than recharge, ground water.

Confidence in Ranking: Low.

Potential Importance to Function: Not applicable (classification variable).

Measure: Determination of whether the wetland is a fringe wetland or is
associated with an island.

Directness of Measure: Not applicable.

21. Land Cover of the Watershed

Ranking: Wetlands with watersheds of mostly imper ,ious surfaces are
more likely to recharge ground water than are wetlands in watersheds with
pervious surfaces (e.g., forest, agriculture).

Rationale: Extensive paved surfaces, topographic disruptions, and the
presence of wells directly tapping the aquifer are associated with developed
environments, and all may lower or diversify the potentiometric contours. Low-
ered or diversified potentiometric contours enhance the likelihood of recharge,
at least to local aquifers (Fetter 1980/*). Whitehead and Langhtee (1978) re-
ported an instance where as few as six bounding wells were sufficient to reverse
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the effects of preexisting ground water movement. To a much lesser extent,
potentiometric contours can be lowered by vegetation (especially woody)
during the growing season, enhancing at least shallow recharge (Meyboom
1966/MAN, Sloan 1979/ND:Pem). Also, the presence of extensive paved sur-
faces on uplands prohibits recharge from occurring there, and runoff becomes
focused on unpaved depressions such as wetlands where opportunities for
recharge are thus increased.

Confidence in Ranking: Low.

Potential Importance to Function: Moderate.

Measure: Determination of the major land cover type of the wetland's
watershed.

Directness of Measure: Low. Characterization of permeability should
focus on developed areas known to have formerly been recharge areas.

23. Ditches/Canals/Channelization/Levees

Ranking: Wetlands without ditches, canals, levees, or similar artificial
features (which cause surface water to leave faster than it would if these fea-
tures were not present) are more likely to recharge ground water than wet-
lands having such features.

Rationale: Surface drainage alterations generally result in a low water
table, lower minimum water levels, and drying of wetlands (Griswold 1978,
Verry and Boelter 1979). The flattened hydrologic gradient can result in
reduced ground water exchange.

Confidence in Ranking: Low. In some cases (e.g., artificial recharge
pits), drainage may make the hydraulic gradient more favorable for recharge.
The effects of any particular activity or plan depend on type of drain, ditch/
canal depth and spacing, physical properties of the wetland substrate,
presence or absence of vegetation, and other factors (Verry and Boelter
1979/*P, Moore and Larson 1980/MN:Pem).

Potential Importance to Function: High.

Measure: Documentation of hydrologic modifications that cause surface
water to leave at a faster rate than originally occurred.

Directness of Measure: Not applicable.
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24. Soils

Ranking: Wetlands with permeable soils or those located in karst (lime-
stone) regions are most likely to recharge ground water. Wetlands located in
watersheds dominated by soils with slow infiltration rates are more likely to
recharge ground water than are those located in watersheds with high infiltra-
tion rates. Wetlands having soils with slow infiltration rates are less likely to
recharge ground water.

Rationale: Slow infiltration by watershed soils results in delivery of more
runoff to the wetland, making more water available for recharge. However, if
wetland soils are impermeable or have slow infiltration rates, significant
ground water movement cannot occur, no matter how much water is available.
Karst regions represent a unique situation in which ground water movement is
controlled primarily by the orientation of rock fractures and cavities formed by
the dissolution of limestone and other soluble rock types (Ritter 1986:479/*).
These fractures and solution cavities allow large amounts of water to be funneled
into underground drainage systems (Ritter 1986:476/*).

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of wetland and watershed infiltration rates from
soil surveys and determination of whether or not the wetland is located in a
karst region. Field verification is desirable.

Directness of Measure: Low.

32. Hydroperlod (spatially dominant)

Ranking: Wetlands that are not permanently flooded or tidal are more
likely to recharge ground water.

Rationale: Sediments are likelier to transmit water and recharge the aquifer
if unsaturated (Sklash and Farvolden 1979/MN). Wetlands exhibiting recharge
are less permanently inundated (Sloan 1979/ND:Pem). In the precipitation-
deficit regions, ephemeral channels are a major ground water recharge
mechanism (Hanks et al. 198 1/AZ:R). In these areas, permanent wetlands are
more likely sites of ground water discharge than recharge (Lissey
1968/MAN:Pem, 1971; McKay et al. 1979/IL:PR; Winter and Carr 1980;
Richardson and Bigler 1984/ND:Pem; Miller et al. 1985/SAS:P; Arndt and
Richardson 1986/ND:Pem). Tidally influenced wetlands (e.g., marine, es-
tuarine, and tidal riverine) usually have insufficient vertical head to recharge
ground water.

Confidence in Ranking: Moderate.
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Potential Importance to Function: Not applicable (used as a classifica-
tion variable).

Measure: Determination of the spatially dominant hydroperiod.

Directness of Measure: Not applicable (used as a classification variable).

33. Most Permanent Hydroperlod

Ranking: Wetlands that are not permanently flooded or tidally influenced
are more likely to recharge ground water.

Rationale: See Predictor 32 (Hydroperiod - spatially dominant). This
predictor is particularly applicable in precipitation-deficit regions, where per-
manent water is a likely indicator of ground water discharge.

Confidence in Ranking: Not applicable (used as a classification variable).

Potential Importance to Function: Not applicable (used as a classification
variable).

Measure: Determination of the wetland's most permanent hydroperiod.

Directness of Measure: Not applicable (used as a classification variable).

34. Water Level Control

Ranking: Wetlands created by a dam and located above it are more likely to
recharge ground water than those located immediately downslope of a dam.

Rationale: Impoundment increases the hydraulic head, which -an increase
the local recharge rate at least initially after impoundment (Andrews and Ander-
son 1978/WI:LP). Areas downstream of dams are likely to be dominated by
ground water discharge, not recharge.

Confidence in Ranking: Low. The effect depends on the type of dam,
proximity, elevation, age, wetland type, regional topography, and other factors.

Potential Importince to Function: Low.

Measure: Documentation of water control structures (including beaver
dams) that impact the wetland.

Directness of Measure: Low.
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35. Flooding Extent and Duration

Ranking: Wetlands with extremely variable water levels or unstable flow
are more likely to be recharging ground water than those with very stable
water levels.

Rationale: Wetland soils are more likely to transmit water and recharge an
aquifer if unsaturated (Sklash and Farvolden 1979/MN). Water is likely to cover
unsaturated soils when the wetland expands greatly during flooding events or
flow is unstable (e.g., precipitation-deficit regions).

Confidence in Ranking: Low. Water-level instability can be due also to
geomorphic and land cover characteristics of the contributing area.

Potential Importance to Function: Moderate.

Measure: Determination of flooding extent and duration in the wetland.
Thresholds are not specific to this function and are adapted from Hendrickson
et al. (1973/MI,WI,NY:R) and US Army Corps of Engineers (1980).

Directness of Measure: Low.

54. Ground Water Measurements

Ranking: Wetlands where potentiometric (water table) contours slope
sharply away from the wetland are more likely to recharge ground water than
those lacking this condition.

Rationale: See rationale for Predictor 6 (Local Topography).

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of potentiometric contours by installing piezometers.

Directness of Measure: High, when carefully interpreted by a qualified
hydrologist.

59. Water Quality Anomalies

Ranking: Wetlands with water quality anomalies characterized by drasti-
cally reduced total dissolved solids, halinity, alkalinity, conductivity, and/or
hardness, with increased prevalence of bicarbonates or sulfates of calcium or
magnesium, are more likely to indicate recharge of ground water than those
without such anomalies.
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Rationale: In many arid regions, dissolved solids can be removed only by
ground water outflow (recharge) or overflow. However, most potholes over-
flow only infrequently or not at all (Sloan 1972/ND:Pem). Also, other factors
that can influence the concentration of dissolved solids, such as evapo-
transpiration, precipitation, and runoff, are relatively constant for potholes in
a local area (Sloan 1972/ND:Pem). Dissolved solids are carried into potholes
by ground water inflow (discharge). Thus, the concentration of dissolved solids
in surface waters can be a reasonable index of the direction and amount of
ground water flow (Toth 1971; Eisenlohr et al. 1972/ND:Pem; Sloan 1972/
ND:Pem). Sloan (1972:1 I/ND:Pem) indicated that recharge was probable in
fresh potholes, whereas discharge was likely in saline potholes. Brackish
waters were influenced both by recharge and discharge. Stewart and Kantrud
(1972:6/ND:Pem) indicated that, normally, freshwater areas had dissolved
solid concentrations below 500 mg/l, whereas saline areas typically had dis-
solved solid concentrations greater than 15,000 mg/l.

Confidence in Ranking: Moderate (arid regions) to low (elsewhere).

Potential Importance to Function: Not applicable.

Measure: Comparison of water chemistry samples collected from the wet-
land with those from nearby areas. The 500 mg/l threshold is from Sloan (1972/
ND:Pem) and Stewart and Kantrud (1972/ND:P) and is applicable mainly to
wetlands in glaciated regions with small watersheds and no inlets or outlets
(i.e., prairie potholes).

Directness of Measure: Low (if no anomalies are found) to moderate (if
anomalies are found). Conductivity measurements from a single point in time
are not, by themselves, a good indicator due to dilution effects of runoff,
evapotranspiration, and local variability in soil chemistry.

60. Water Temperature Anomalies

Ranking: Wetlands with drastic natural thermal anomalies are more likely to
be ground water discharge areas, not recharge areas.

Rationale: Ground water temperatures are more stable from season to
season than are surface water temperatures. They also tend to be cooler in
summer and warmer in winter than ambient conditions. Thus, discharge of
ground water to wetlands may create water temperature anomalies when com-
pared with other wetlands in the area, and these anomalies may be used as an
indicator of the probability of ground water discharge to a wetland (Benson
1953/MI:R; Toth 1971; Andrews and Anderson 1978/WI:L,P; Hennings
1978/WI:L; Bilby 1984). Wetlands discharging ground water are not likely to
be recharging as well.
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Confidence in Ranking: Moderate. Anomalies also can be due to local
snowmelt, water depth, turbidity, differential heating of sediments, water
velocity, shading, or wind buffering. Thus, interpretation must be cautious.

Potential Importance to Function: Not applicable.

Measure: Determination of atypical thermal conditions as evidenced by
locally cooler and less variable temperatures in summer and warmer or less
variable temperatures in winter.

Directness of Measure: Moderate.

62. Underlying Strata

Ranking: Wetlands underlain by thick and unstratified porous materials
such as cobble-gravel or sand are more likely to recharge ground water than
are those underlain by stratified nonporous sediments.

Rationale: Sediment porosity is essential to movement of water between
the wetland and the aquifer. The presence of even thin layers of low-
permeability material, such as silts and clays, can retard recharge. Inhibition
of recharge or discharge by silt has been reported by Cooke et al. (1973/OH:L),
and the application of clay to sediments is used as a technique for managing
seepage losses (Born et al. 1979/WI:L).

Larson (1976/*MA) gives the following probabilities for wetlands con-
tributing large quantities of water to an underlying aquifer with respect to per-
meable sediment thickness:

"* High where saturated sediments are greater than 50 feet thick.

"* Moderate-high where saturated sediments are 25 to 30 feet thick.

"* Low where saturated sediments are less than 25 feet thick.

.The New York State Department of Environmental Conservation (1980)
uses 10 feet as the minimum thickness of pervious sediments necessary for sig-
nificant ground water interchange. Novitzki (1981/WI) noted net annual
recharge occurring in a wetland where only a few feet of glacial drift overlay
sandstone.

Confidence in Ranking: High.

Potential Importance to Function: Very high.

Measure: Determination of underlying material from a geologic map.

Directness of Measure: High (if good data are available and are carefully
interpreted by a qualified hydrologist).
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63. Discharge Differential

Ranking: Ground water recharge is more likely in those wetlands where
inflow exceeds outflow (after accounting for evapotranspiration) than in wet-
lands where outflow exceeds inflow.

Rationale: Diminished surface water outflow (e.g., in "losing streams")
suggests water was lost via recharge, or perhaps evaptanspiration (Leopold and
Miller 1961)R; Vecchioli et al. 1962/NJ:fo; Harrison and Clayton 1970/AK:R;
Lissey 1971/Man:Pem; Andrews and Anderson 1978/WI:LP).

Confidence in Ranking: Moderate. In areas of karst terrain, disappearing

streamflows do not necessarily indicate recharge of deep aquifers.

Potential Importance to Function: Not applicable.

Measure: Determination of the discharge differential via hydrographs.

Directness of Measure: Moderate. An apparent loss of flow between
inlet and outlet could be due to evapotranspiration, shallow infiltration, or
lateral flow, rather than recharge. Moreover, the error of estimate (of flow) is
often greater than the expected rate of loss due to recharge (Winter 1981/*).

3.2 Ground Water Discharge

1. Climate

Ranking: With respect to ground water discharge, climate is a classifica-
tion variable rather than a predictor (i.e., if the wetland is in a precipitation-
deficit region, one set of predictors is used, whereas if precipitation exceeds
evaporation, another set is used).

Rationale: Not applicable.

Potential Importance to Function: Not applicable.

Measure: Identification of precipitation-deficit re-ions.

Directness of Measure: Not applicable.

5. Wetland/Watershed Area Ratio

Ranking: A large wetland with a proportionately small watershed may in-
dicate subsidization of its water budget by ground water disharge. The prob-
ability of ground water discharge occurring may thus increase as the wetland/
watershed area ratio increases.
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Rationale: Williams (1968) observed that a small wetland situated in a
large watershed favored ground water recharge, because surface water inflow
from a large watershed was sufficient to create a water mound conducive to
recharge.

Confidence in Ranking: Low (lower elevations) to moderate (higher

elevations).

Potential Importance to Function: Not applicable.

Measure: Determination of the percentage of the watershed acreage oc-
cupied by the wetland. The thresholds used are arbitrary.

Directness of Measure: Low. A more meaningful measure would be ratio
of wetland volume to runoff volume. Apparent water surpluses (i.e., large
ratio) could be attributable as well to differences in soil permeability, geomor-
phology, and land cover of the watersheds being compared.

6. Local Topography

Ranking: Ground water discharge is more likely to occur in areas where
the topographic relief is characterized by a sharp downslope toward the
wetland (i.e., the wetland is located at the toe of a slope) and/or the wetland is
located near a geologic fault or at the base of a local horizontal gradient of
decreasing soil permeability.

Rationale: As discussed for ground water recharge (Predictor 6, Local
Topography), the hydraulic gradient for ground water movement is influenced
by the slope of the water table with respect to the wetland. The slope of the
water table usually roughly parallels the topography of the land surface (Fetter
1980/*). Thus, when local topography slopes sharply toward the wetland, the
water table will also likely slope toward the wetland as well, resulting in a
hydraulic gradient favorable for discharge of ground water into the wetland
(Toth 1971).

Contact with ground water is likelier to occur where the water table (poten-
tiometric) contour changes sharply at geologic, topographic, or edaphic inter-
faces, e.g., "breaks in slope" (Maxey 1968/NV; Winter 1977, 1981; Carter
and Novitzki 1988/VA,NY:P). The more numerous, dissimilar, and spatially
abrupt these interfaces are, the likelier it is that significant contact will exist
between ground and surface water (Freeze and Witherspoon 1967/*). Ground
water discharge is particularly likely to occur at downgradient shifts from coarser
to finer textured soils or at intrusions of aquicludes such as shale layers
(Meyboom 1966/MAN, Van Voast and Novitzki 1968/MN, Dunne and
Leopold 1978:215-217, Pionke et al. 1986/PA:fo).

Confidence in Ranking: Moderate.
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Potential Importance to Function: Moderate.

Measure: Identification of special topographic features such as playas,
topographic divides, significant elevational changes, geologic faults, or chan-
ges in hydraulic conductivity.

Directness of Measure: Low.

8. Inlets, Outlets

Ranking: A wetland with a permanent outlet and no inlet is more likely to
discharge ground water than one with other combinations of inlets and outlets.

Rationale: Continuous discharge of water (i.e., permanent outlet) without
surface water feeding the wetland through an inlet suggests an internal source
of ground water (e.g., springs), especially in arid regions and during droughts
(Born et al. 1979/WI:L, Novitzki 1979/WI).

Confidence in Ranking: Moderate.

Potential Importance to Function: Not applicable.

Measure: Identification of inlets and outlets for surface flow.

Directness of Measure: Low. Other internal sources of water (e.g., snow-
melt) must first be discounted. Field inspection, rather than reliance on
topographic maps, is preferred.

9. Constrictioh

Ranking: This predictor applies specifically to cases where no inlet is
present, but a permanent outlet exists. Wetlands in which outflow originates
from sources other than precipitation or snowmelt are most likely to discharge
ground water.

Rationale: If precipitation or snowmelt is not the primary source of out-
flow, then ground water discharge must be occurring.

Confidence in Ranking: Not applicable.

Potential Importance to Function: Not applicable.

Measure: Determination of whether precipitation or internal snowmelt
can be discounted as the source of outflow from the wetland.

Directness of Measure: Low.
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12. Vegetation Class/Subclass (Primary)

Ranking: Riverine wetlands dominated by aquatic bryophytes (mosses
and liverworts) are most likely to discharge ground water.

Rationale: Because many bryophytes prefer water rich in carbon dioxide,
they sometimes proliferate near springs (Hynes 1970/*R).

Confidence in Ranking: Low.

Potential Importance to Function: Not applicable.

Measure: Determination of the dominant vegetation class and subclass of
the wetland.

Directness of Measure: Low.

21. Land Cover of the Watershed

Ranking: Wetlands with unpaved watersheds are more likely to allow
ground water discharge to occur.

Rationale: Extensive paved surfaces, topographic disruptions, and the
presence of wells are associated with human developmeiit that lowers the poten-
tiometric contours. Lowered or diversified potentiometric contours enhance the
likelihood of recharge, not discharge (Fetter 1980/*).

Confidence in Ranking: Low.

Potential Importance to Function: Low.

Measure: Determination of the major land cover type of the wetland's
watershed.

Directness of Measure: Low.

23. Ditches/Canals/Channelization/Levees

Ranking: Wetlands without ditches, canals, levees, or similar artificial
features (which cause surface water to leave faster than it would if these fea-
tures were not present) are more likely to discharge ground water than altered
wetlands.

Rationale: Surface drainage alterations generally lower the water table,
lower minimum water levels, and drain wetlands (Griswold 1978, Verry and
Boelter 1979/*P). The flattened hydrologic gradient can result in reduced
ground water exchange.
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Confidence in Ranking: Low. In some cases (e.g., excavation of riverine
oorrow pits), ditching can make the hydraulic gradient more favorable for dis-
charge. For example, channelization in one case increased the stream base
flow (Huish and Pardue 1978/NC:fo). The effects of any particular activity or
plan depend on type of drain, ditch/canal depth and spacing, physical proper-
ties of the wetland substrate, presence or absence of vegetation, and other fac-
tors (Verry and Boelter 1979/*P, Moore and Larson 1980/MN:Pem).

Potential Importance to Function: High.

Measure: Documentation of hydrologic modifications that cause surfhce
water to leave at faster rates than originally occurred.

Directness of Measure: Low.

32. Hydroperiod (spatially uominant)

Ranking: Wetlands with the following hydroperiods are more likely to dis-
charge ground water: permanently flooded nontidal, intermittently exposed
nontidal, saturated nontidal, artificially flooded nontidal, regularly flooded
tidal, and irregularly exposed tidal or subtidal.

Rationale: Permanent surface water, especially in regions having high
evaporation rates, often indicates ground water discharge into the wetland. For
references, see Predictor 32 in Section 3.1. Estuarine intertidal zones adjacent to
open water or tidal channels temporarily store water as tides rise, and discharge
water when :ides fall (Harvey et al. 1987).

Confidence in Ranking: Moderate (arid regions) to very low (nonarid
regions).

Potential Importance to Function: Not applicable.

Measure: Determination of the dominant flooding regime.

Directness of Measure: Moderate.

34. Water Level Control

Ranking: Wetlands influenced by upstream impoundments are more likely
to discharge ground water than those not influenced by such impoundments.

Rationale: The pressure head often increases downstream from dams.
Andrews and Anderson (1978/WI:L,P) reported that creation (by impound-
ment) of an approximately 500-acre lake with a maximum depth of 16.5 feet
resulted in a sixfold increase in discharge rates to a riverine wetland 3.2 miles
away. Ground water levels stabhized within a month after the lake was filled.

WES TR WRP-DE-2, October 1991 Prediction of Wetland Effectiveness and Opportunity



Chapter 3.0 32 Ground Water DischWge

Confidence in Ranking: Low. The effect depends on the type of dam,
proximity, elevation, age, wetland type, regional topography, and other factors.

Potential Importance to Function: Low.

Measure: Documentation of water control structures (including beaver
dams) that impact the wetland.

Directness of Measure: Low.

35. Flooding Extent and Duration

Ranking: Wetlands that have stable water levels and stable flows are more
likely to discharge ground water than those with unstable conditions.

Rationale: Ground water levels are usually a dampened, lagged replicate
of surface runoff amplitude and timing (Fetter 1980/*). Thus, wetlands with
substantial ground water discharge should have less variable water levels. Data
given by Hendrickson et al. (1973/MI,WINY:R) suggest that, at least in
Michigan, if the ratio calculated by dividing the flow velocity (cubic feet per
second), that is reached or exceeded 10 percent of the year by the typical flow
velocity (cfs) that is exceeded 90 percent of the year is less than 1.5, there is a
strong possibility that ground water input is major.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of flooding extent and duration in the wetland.
Thresholds are adapted from Hendrickson et al. (1973/Ml,WI,NY:R) and US
Army Corps of Engineers (1980).

Directness of Measure: Moderate.

54. Ground Water Measurements

Ranking: Wetlands where potentiometric contours do not slope away from
the wetland are most likely to discharge ground water.

Rationale: The hydraulic gradient is influenced by the slope of the water
table with respect to the wetland. The hydraulic gradient favors recharge
when the water table slopes away from the wetland, and discharge is favored
when the opposite condition exists. (See also rationale for Ground Water
Recharge (Section 3.1), Predictor 6 - Local Topography.)

Confidence in Ranking: High.
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Potential Importance to Function: High.

Measure: Measurement of potentiometric contours by installing piezometers.

Directness of Measure: High, when carefully interpreted by a qualified
hydrologist.

59. Water Quality Anomalies

Ranking: Wetlands with drastic natural water quality anomalies such as
elevated carbon dioxide, alkalinity, hardness, halinity, total dissolved solids, con-
ductivity, and/or chlorides, sulfates, or bicarbonates of sodium, iron, or man-
ganese are more likely to discharge ground water than those without such
anomalies. Those with reduced levels of the above are least likely to discharge
ground water.

Rationale: See Ground Water Recharge (Section 3.1), Predictor 59 -Water

Quality Anomalies.

Confidence in Ranking: Moderate.

Potential Importance to Function: Not applicable.

Measure: Comparison of water chemistry of samples collected from the
wetland with those from nearby areas. The 15,000 mg/I threshold for total dis-
solved solids is from Sloan (1972/ND:Pem) and Stewart and Kantrud
(1972/ND:P) and is probably applicable to wetlands in glaciated regions with
small watersheds and no inlets or outlets (i.e., prairie potholes).

Directness of Measure: Low to moderate. Measured concentrations may
reflect only the time elapsed since higher or lower water levels of the wetland
(i.e., concentrations generally decline with duration of inundation, Beauchamp
and Kerekes 1980/NB:P).

60. Water Temperature Anomalies

Ranking: Wetlands with water temperatures that deviate drastically from
ambient temperatures are more likely to discharge ground water than those not
having such anomalies.

Rationale: Ground water temperatures are more stable from season to
season than are surface water temperatures. Thus, discharge of ground water
to wetlands may result in water temperature anomalies when compared with
other wetlands in the area. Thus, water temperature anomalies may be used as
an indicator of the relative magnitude of ground water discharge to a wetland
(Benson 1953/MI:R; Andrews and Anderson 1978/WI:LP; Hennings 1978/WI:L).
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Confidence in Ranking: Moderate.

Potential Importance to Function: Not applicable.

Measure: Determination of atypical thermal conditions.

Directness of Measure: Low (if anomalies are absent) to moderate (if
anomalies are present).

63. Discharge Differential

Ranking: Ground water discharge is most likely to occur in wetlands
where outflow (after accounting for evapotranspiration) exceeds inflow.

Rationale: Sharply increasing surface water outflow (e.g., in "gaining
streams") indicates that water was gained via discharge (Leopold and Miller
1961/R, Harrison and Clayton 19701AK:R).

Confidence in Ranking: Moderate.

Potential Importance to Function: Not applicable.

Measure: Determination of the discharge differential via hydrographs.

Directness of Measure: Moderate. An apparent increase in flow between
inlet and outlet could be due to a sharply increasing contributing area, lateral
flow, or differences in the land cover and permeability of soils that directly ad-
join the wetland. Moreover, the error of estimate (of flow) is often greater
than the expected rate of gain due to ground water discharge (Winter 1981/*).

Confidence in Ranking: Moderate.

Potential Importance to Function: Not applicable.

Measure: Determination of the discharge (flow) differential via hydrographs.

Directness of Measure: Moderate.

3.3 Floodflow Alteration

1. Climate (predictor for effectiveness)

Ranking: Wetlands located in precipitation-deficit regions are more likely
to alter floodflows than those in more humid regions.
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Rationale: Wetlands can store more flood water if the water level in the
wetland is initially low. This condition is most likely to exist in precipitation-
deficit regions (i.e., where evaporation exceeds precipitation).

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of whether or not the wetland is located in a
precipitation-deficit region.

Directness of Measure: Low. Direct measurement of evapotranspiration
and sediment saturation is preferred.

2. Acreage (predictor for effectiveness)

Ranking: Large wetlands are more likely to alter floodflows.

Rationale: The ability of a wetland to alter floodflows depends on its
storage capacity and hydraulic length, which are determined by its area, depth,
and sediment type.

Using Conger's (1971) regression analysis of watershed characteristics from
Wisconsin watersheds, Novitzki (1979/WI) determined that wetland acreage
was an important factor influencing flood storage. These analyses indicated
that if a watershed has 15 percent of its area in wetlands and lakes, flood
peaks will be 60 to 65 percent lower than they would be in the absence of the
wetland and lake area. If wetlands or lakes occupy 30 percent of the watershed,
there will be a further reduction in flood peaks up to 75 to 80 percent. How-
ever, 50 percent of the flood peak reduction results from the first 5 percent of
the lake and wetland area in the watershed. Simulated peak flows increased
by more than 20 percent (measured at the wetland outlet) when more than
60 percent of the wetlands above a floodable area in Massachusetts were filled
(Ogawa and Male 1983/*MA).

Flood peak attenuation is also indicated by a modeling study of palustrine
and lacustrine wetlands in Florida (Ammon et al. 1981/FL:P108). These
authors projected that 5 percent of the emergent wetlands accounted for up to
70 percent attenuation of the mean annual flood. Although the incremental
gain in terms of flood peak attenuation was less dramatic once wetland
acreage exceeded 10 percent, 95-percent flood peak attenuation was indicated
where only 15 percent of the watershed was wetland.

A more conservative estimate from the prairie region suggests that drainage of
wetlands might result in a 7- to 20-percent increase in flood peaks (Dybvig
and Hart 1977). Storage capacity of prairie wetlands can be 48 inches per
acre (Cemohous 1979/ND), depending on the degree of saturation of wetland
soils.
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For detention depressions, Tourbier and Westmacott (1974/*) recommended
the following storage capacities:

Storm Frequency Depth of Basin Acreage Required per Acre
years feet of Development

2 5 0.16
10 0.08
15 0.05

5 5 0.21
10 0.10
15 0.06

10 5 0.26
10 0.13
15 0.13

25' 5 0.35
10 0.17
15 0.12

50 5 0.42
10 0.21
15 0.14

5 0.50
10 0.25

100 15 0.17

1 Flores et al. (1981) found the 25-year storage design pokicy most efficient in reducing

peak flows for a given storage volume.

Confidence in Ranking: High.

Potential Importance to Function: High. Position in watershed and
geomorphic characteristics are also important.

Measure: Determination of wetland surface area.

Directness of Measure: Moderate. Measurement of volume, water yield,
and capillary potential of sediments is preferred. Hydraulic length of a water-
shed can be estimated from watershed size.

5. Wetland/Watershed Area Ratio
(predictor for opportunity)

Ranking: Wetlands with watersheds that contain little wetland area above
the wetland of interest, or those with a large watershed in relation to the wet-
land, are most likely to have an opportunity for floodflow alteration.

Rationale: The more wetland area located in the watershed above the as-
sessment area wetland, the less opportunity the assessment area wetland has to
provide additional floodflow alteration. Conversely, if the watershed is small
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in relation to the wetland, then the watershed would yield less water and there
is proportionately less opportunity or need for floodflow alteration.

Confidence in Ranking: High.

Potential Importance to Function: Moderate. Runoff depends also on
soil type, land cover, and other factors.

Measure: Determination of wetland/watershed ratio as directed in Volume IU.

Directness of Measure: Low.

8. Inlets, Outlets (predictor for effectiveness)

Ranking: Wetlands without outlets are more likely to alter floodflows
than those with outlets.

Rationale: Wetlands with no surface outlet hold water that would other-
wise contribute to surface flow (Carter et al. 1979/*, Novitzki 198 /WI).

Confidence in Ranking: High.

Potential Importance to Function: High. Wetlands lacking outlets are
highly correlated with low-gradient landscapes, which on a regional level may
be the more influential factor in mediating floodflows. Attenuation of flood
surges increases significantly when channel slope (parallel to flow) is less
than 0.001 (Grushevsky 1967/EU:R).

Measure: Identification of inlets and outlets for surface flow.

Directness of Measure: Low. Field checking is preferred because inter-
mittent inlets and outlets are sometimes not indicated on topographic maps.

9. Constriction (predictor for effectiveness)

Ranking: Wetlands with an unconstricted inlet and a constricted outlet are
more likely to alter floodflow than those with unconstricted outlets.

Rationale: Constricted outlets hold back flood water and increase the
storage capacity of a wetland, thus potentially reducing downstream flood peaks
(Carter et al. 1979/*).

Confidence in Ranking: High.

Potential Importance to Function: High.
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Measure: Determination of presence or absence of constrictions to surface
flow.

Directness of Measure: Low. Field checking is preferred because inter-
mittent inlets and outlets are sometimes not indicated on topographic maps.

10. Wetland System (predictor for
opportunity and effectiveness)

Ranking: Riverine (tidal), estuarine, and marine systems are less likely to
have an opportunity for, and be effective at, altering floodflows.

Rationale: The effects of marine, estuarine, and tidal riverine wetlands are
usually overshadowed by tidal conditions (Carter et al. 1979/*). Typically, their
sediments are completely saturated and incapable of storing additional moisture.
Also, by virtue of their position (i.e., low in the watershed, with little property
downstream), whatever storage or desynchronization effect they exert is of little
economic consequence.

Confidence in Ranking: High.

Potential Importance to Function: Moderate.

Measure: Determination of the wetland classification according to Cowar-
din et al. (1979/*).

Directness of Measure: Moderate.

11. Fringe Wetland or Island
(predictor for effectiveness)

Ranking: Fringe wetlands, or those associated with islands, are less likely
to alter floodflows.

Rationale: Because fringe wetlands are, by definition, small relative to
some adjacent body of water (i.e., a channel or standing body of water), they are
relatively less important in altering floodflows than nonfringe wetlands. Fric-
tional drag and the potential for desynchronization of floodflows are likely to be
less in fringe wetlands than in wetlands that are wide enough to intercept most
of the flow passing through them.

Confidence in Ranking: Low.

Potential Importance to Function: Moderate.,

Measure: Determination of whether the wetland is a fringe wetland or is
associated with an island.
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Directness of Measure: Moderate.

12. Vegetation Class/Subclass (Primary)
(predictor for effectiveness)

Ranking: Wetlands with forested or scrub-shrub vegetation are more
capable of altering floodflows than are aquatic bed, moss, or emergent wet-
lands.

Rationale: Vegetation helps desynchronize flows by increasing channel rough-
ness. However, vegetational resistance rapidly diminishes as the water depth
becomes greater than the vegetation height (Camfield 1977/em). In descending
order of frictional resistance, terrestrial vegetation may be ranked as closely
spaced trees, scattered trees, brush or low bush trees, dense grass, and sparse
grass (inferred from Aldridge and Garrett 1973/AZ:R, Petryk and Bosmajian 1975).

One simulation study indicated that removal of woody debris occupying
16 percent of a channel would reduce flood stage at the wetland outlet by
0.1 meter (Taylor and Barclay 1985). Johnson and Senter (1977) found that
a 20 percent variation in the roughness coefficient would not affect flood
height in the lower Ohio River. Burkham (1976) found that the removal of
woody debris from a floodplain sufficient to lower the roughness coefficient
by 0.026 resulted in a 1.2-foot decrease in depth and an increase of 0.8 foot per
second velocity during floods, while an increase in the roughness coefficient of
only 0.008 caused a stage increase of 0.4 foot and a 0.2-fps reduction in velocity.

Riparian forests may dissipate water through evapotranspiration (Brown
198 l/FL:Pfo), although they simultaneously reduce evaporation by reducing
water temperature and wind. Up to 63 percent of the total water input (over
twice the percentage transpired from agricultural fields) may be removed by
the evapotranspiration of riparian forest (Peterjohn and Correll 1984/MD:fo).
Intermediate successional stages usually experience the greatest evapotrans-
pirative losses (Bormann and Likens 1979/NH:R). Emergent vegetation with
little underlying plant litter experiences greater evapotranspirative losses than
evergreen shrub, willow-birch, and moss-covered wetlands (Kadlec 1987/*,
Kadlec et al. 1988/*). Soil saturation is a key determinant.

Woody vegetation may also increase bank storage and remove sediment
from runoff, thus preserving the flood water storage capacity of adjoining
deepwater areas. Although often offset by "fog drip," interception of incom-
ing precipitation by the wetland vegetation's canopy also can beneficially in-
crease the desynchronization effect. Canopies of black spruce can intercept
and potentially evaporate 15 to 20 cm of precipitation per year (Boelter and
Verry 1977/MN:P).

Confidence in Ranking: Moderate.
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Potential Importance to Function: Moderate. Basin morphology is
usually a better predictor of flow desynchronization than are vegetation rough-
ness and evapotranspirative potential.

Measure: Determination of the dominant vegetation class and subclass of the
wetland.

Directness of Measure: Moderate. Field measurement of roughness coeffi-
cients and evapotranspiration is preferred (see Daniel 1976/AL:R, Winter
198 1/*, Arcement and Schneider 1984/RP, Dolan et al. 1984/FL:Pfo).

15. Vegetation/Water Interspersion
(predictor for effectiveness)

The influence of vegetation-water interspersion as a predictor for wetland
functions depends upon two factors: (1) the amount and interspersion of
vegetation present and (2) the type of water flow through the wetland. There-
fore, vegetation-water interspersion is defined with two predictors.

15.1 Vegetation Interspersion

Ranking: Wetlands with dense stands of vegetation with little interspersed
open water are more likely to alter floodflows.

Rationale: Channel roughness and thus the ability to retain flood waters
increases with increasing vegetation density. Flood waters are also partially
dissipated by evapotranspiration. For further discussion and references, see
Predictor 12 above.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of relative vegetation-water interspersion.

Directness of Measure: Moderate.

15.2 Sheet Versus Channel Flow

Ranking: Wetlands in which water occurs primarily as sheet flow are
more likely to alter floodflow than those where water occurs primarily as
channel flow.

Rationale: Frictional resistance, and thus the potential for desynchronization
of floodflows, is greater where flow is mostly sheet flow (Hewlett and Hibbert
1965/*, Patton and Baker 1976/1N,TX,CA,UT). See Predictor 12 above.

96 Prediction of Wetland Effectiveness and Opportunity WES TR WRP-DE-2, October 1991



3.3 Floodlkow Alteration Chapter 3.0

Confidence in Ranking: Moderate.

Potential Importance to Function: Low. Basin morphology is usually a
better predictor than is wetland vegetation.

Measure: Determination of type of flow occurring in the wetland.

Directness of Measure: Low (see Predictor 12 above).

21. Land Cover of the Watershed
(predictor for opportunity)

Ranking: Wetlands in watersheds with mostly impervious land cover are
more likely to have an opportunity for floodflow alteration than those in water-
sheds that are predominantly forested or scrub-shrub.

Rationale: Impervious surfaces associated with developed environments
provide greater opportunity for floodflow alteration because impervious sur-
faces and hydraulically efficient drainage systems cause earlier peaking and
higher outflows than what would occur on vegetated lands (Martens 1968,
Wycoff and Pyne 1975/FL, Harr 1976/1R:fo, Chang and Watters 1984/TX:fo,
Inman 1987/GA:R). Full urban development of a 1-square mile watershed
would increase peak flows by 3 and 4 times for the 100- and 5-year frequen-
cies, respectively. The maximum (i.e., 40 percent) increment in hydrologic
impact of development would come as the watershed is converted from 50 to
75 percent urbanized (Flores et al. 1981). Urbanization (from no development
to 77 percent urban) of a 100-square mile watershed was shown by simulation
to increase annual runoff from 5.3 to 5.9 inches (Arnold et al. 1987).

Evapotranspirative losses presumably are greater in forested and scrub-shrub
wetlands than in other vegetation types (Lee 1980:164/*), thus decreasing the
amount of runoff. Croft and Monningcr (1953) observed evapotranspirative los-
ses of 20 and 10 cm for aspen cover types and herbaceous cover, respectively.
However, Odum (1971:376/FL:Efo) indicated that evapotranspiration is a com-
plex process and is not necessarily greater in forests than in grasslands.

Confidence in Ranking: Moderate. One study has indicated that, in some
regions, forest cover has little influence on streamflows (e.g., Thomas and
Benson 1970).

Potential Importance to Function: High. The land use and relative propor-
tions of different cover types in the watershed and the proximity of cover
types to the wetland are also important. Land cover (particularly via its ef-
fects on evapotranspiration) can overshadow other landscape components
(e.g., watershed geomorphology) in its effects on water budgets (Sophocleous
and McAllister 1987).
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Measure: Determination of the cover type found on a majority of the wetland's
watershed.

Directness of Measure: Moderate.

22. Flow, Gradient, Deposition
(predictor for effectiveness)

Ranking: With respect to floodflow alteration, gradient is used in the inter-
pretation keys as a classification variable rather than a predictor (i.e., if flow
is present, one set of predictors is used, whereas if flow is absent, another set
of predictors apply).

Confidence in Ranking: Not applicable.

Potential Importance to Function: Not applicable.

Measure: Documentation of indicators of flow such as a channel, presence
of an outlet and inlet, tidal influence, scour lines, sediment deposition, gage
data, etc.

Directness of Measure: Not applicable.

23. Ditches/Canals/Channelization/Levees
(predictor for effectiveness)

Ranking: Wetlands having hydrologic alterations that cause water to leave
faster than originally occurred are less likely to alter floodflows significantly.

Rationale: Channelization of distributaries or drainage increases the
transport of flood waters away from the wetland and, as a result, reduces the
potential for significant storage and desynchronization of floodflows (DeBoer
and Johnson 1971/IA:Pem, Wycoff and Pyne 1975/FL, Huish and Pardue
1978/
NC:fo). Drainage density (the length of drainage canals per unit area of water-
shed) can be a stronger determinant of watershed response than the condition
of the floodplain, and can predict runoff volume (Bedient et al. 1976/FL).
Model simulations (Moore and Larson 1980/MN:Pem) suggest that draining
wetlands can increase storm runoff volumes by 50 to 590 percent for small
depressional watersheds. These simulations also indicate that channelization
can increase peak flows by 100 to 200 percent at the watershed outlet. In con-
trast, the meanders that characterize unchannelized areas can increase channel
roughness by as much as 30 percent (Chow 1959/*R). In some rivers this
would be the hydraulic equivalent of increasing the depth by 20 percent and
decreasing the velocity by 30 percent (Burkham 1976/AZ:fo).

Confidence in Ranking: High.
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Potential Importance to Function: High.

Measure: Determination of evidence of alteration of the wetland's
hydrologic regime, including ditches, canals, levees, or similar artificial fea-
tures that cause water to leave the area at an accelerated rate. Meandering is
considered "minor" for ratios of 1.0 to 1.2, appreciable for ratios of 1.2 to 1.5,
and "severe" for ratios of 1.5 and greater (Arcement and Schneider 1984/RP).

Directness of Measure: Low.

24. Soils (predictor for effectiveness
and opportunity)

Ranking: Watersheds with mostly impervious soils provide wetlands with
proportionately more runoff and thus greater opportunity for floodflow altera-
tion. Wetlands most likely to be effective at altering floodflows have soils
with rapid infiltration rates.

Rationale: Watersheds with impervious soils or surfaces that impede in-
filtration (e.g., pavement in urban areas) produce greater surface runoff than
watersheds having permeable soils. Increased runoff provides greater oppor-
tunity for wetlands to alter floodflows.

Confidence in Ranking: High.

Potential Importance to Function: Low (effectiveness); high (oppor-
tunity). The effect depends also on location, soil, cover type, and other fac-
tors. Soil storage capacity is usually small compared to surface storage.
However, Hewlett and Hibbert (1965/*) found that up to 50 percent of runoff
from storms in excess of 6 inches was stored in unsaturated soils of 15 small
Piedmont-Appalachian watersheds. Soil storage may also depend on the capil-
lary characteristics of the soil (Heliotis and DeWitt 1987/MI:P).

Measure: Determination of watershed and wetland soil infiltration rates
from soil surveys.

Directness of Measure: Low (effectiveness); moderate (opportunity).

31. Water/Vegetation Proportions
(predictor for effectiveness)

Ranking: Wetlands with a high proportion of vegetation coverage will be
more capable of altering floodflows.

Rationale: Vegetation slows flood waters by creating frictional drag in
proportion to stem density (see discussion and references under Predictor 12).
Also, wetland zones without permanent standing water (zone A as defined in
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Volume I1) are important not only because of the frictional resistance offered
by vegetation there, but also because underlying sediments are more likely to
be unsaturated and thus better able to assimilate flood water.

Confidence in Ranking: High.

Potential Importance to Function: Moderate.

Measure: Determination of the vegetation coverage in wetland zones as
defined in Volume H.

Directness of Measure: Low. A Ithough the technique in Volume II
specifies emergent vegetation, the density of all robust vegetation would be a
better predictor. Measurement of stem density and hydraulic roughness would
give even better estimates of floodflow alteration potential (Hewlett and Hib-
bert 1965/*, Patton and Baker 1976/IN,TX,CA,UT).

32. Hydroperiod (spatially dominant)
(predictor for effectiveness)

Ranking: Wetlands without permanent standing water, especially those
with a low probability of ever having standing water, are more likely to alter
floodflows than are permanently inundated wetlands.

Rationale: Greatest flood water storage occurs when no water is initially
present in the wetland or sediment pores.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the wetland's dominant flooding regime.

Directness of Measure: Moderate.

35. Flood Extent and Duration
(predictor for effectiveness)

Ranking: Wetlands capable of expanding their surface water acreage sub-
stantially and for long periods of time are most likely to alter floodflows.

Rationale: Alteration of floodflow is partially accomplished by retention
of flood waters up to a geomorphically determined threshold of expansion
(Bhomik and Demissie 1982/*). In some regions, the amount of water stored
in wetlands during flood events may expand fivefold or more relative to dry
season conditions (Rundquist et al. 1987/NE:L).
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Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of duration and extent of flooding in relation to
threshold levels. Thresholds are not specific to this function. They were
adapted in part from US Army Corps of Engineers (1980).

Directness of Measure: Low. Measurement of volume of water storage
(above-ground, in sediment pores, and capillary effects) is a better predictor.

63. Discharge Differential
(predictor for effectiveness)

Ranking: Wetlands that have higher inlet flood peaks than occur just
below their outlets are more likely to alter floodflows.

Rationale: Lower flood peaks at wetland outlets are direct evidence for

floodflow alteration.

Confidence in Ranking: High.

Potential Importance to Function: Not applicable.

Measure: Determination of discharge differential and interpretation using
hydrographs.

Directness of Measure: High. More than one storm should be measured.
The error of measurement may be proportionately large, especially in small
wetlands.

3.4 Sediment Stabilization

7. Gradient

Ranking: Wetlands having steep gradients are more likely to have an oppor-
tunity to stabilize sediments.

Rationale: Steeper gradients imply greater velocities, greater erosiveness,
and greater erosion potential.

Confidence in Ranking: High.
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Potential Importance to Function: Moderate. Sediment cohesiveness,
ground water influx rates, and suspended/deposited sediment equilibria are at
least as important.

Measure: Comparison of the wetland's channel gradient (as calculated
from topographic maps) with threshold gradients known from empirically
based hydraulic equations to estimate depositional conditions.

Directness of Measure: Moderate. Field determinations of gradient, using
surveying equipment, are preferred.

12. Vegetation Class/Subclass (Primary)

Ranking: Wetlands with predominantly forested and scrub-shrub vegetation
are more likely to stabilize sediment than are those with predominantly aquatic
bed vegetation.

Rationale: Plants dissipate erosive forces by creating frictional drag (see
Section 3.3, Predictor 12, for discussion and references). Vegetational resis-
tance rapidly diminishes as the water depth becomes greater than the vegetation
height (Camfield 1977/em). Trees and scrub-shrub vegetation are important
in creating frictional drag because they are rigid, persistent, and tall enough
to penetrate the entire water column during seasonal flooding. Scrub-shrub
vegetation can reduce flow velocities in the vicinity of a vegetated bank by as
much as 50 percent (Klingeman and Bradley 1976).

Plants anchor shorelines and floodplain sediments by binding soil with
their roots (Sigafoos 1964, Pfankuch 1975/*R, Allen 1979/*LR, Nunnally
and Keller 1979/*R, Sheridan and Hubbard 1987/GA:R). In this regard, trees
and shrubs are very important because they have the deepest roots, layered
canopies, high regenerative capacity, and a long lifespan. The length of bank
protected by tree roots is about 5 times the diameter of the tree (Nunnally
and Keller 1979/*R). Mosses can be important because they can sometimes
blanket fine sediment substrates. Emergents are also important in binding the
soil. In fact, Murgatroyd and Ternan (1983) reported instances of increased
bank erosion associated with regrowth of floodplain forests that shaded out
the blanketing herbaceous cover.

Confidence in Ranking: Low.

Potential Importance to Function: Moderate. The sediment erosion
rate may be more closely related to watershed size and percentage of silt-clay
sediment than to the presence of vegetation (Daniel 197 1/IN:R; Hooke 1979/
SC, 1980).

Measure: Determination of dominant vegetation class and subclass found
in the wetland.
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Directness of Measure: Low. Species-specific analysis is a better indicator.

15. Vegetation/Water Interspersion

The influence of vegetation-water interspersion as a predictor for wetland
functions depends upon two factors: (1) the amount and interspersion of
vegetation present and (2) the type of water flow through the wetland. There-
fore, vegetation-water interspersion is defimed with two predictors.

15.1 Vegetation Interspersion

Ranking: Wetlands with dense, extensive stands of vegetation are more
likely to contribute to sediment stabilization than are those with no vegetation.

Rationale: As previously discussed, roots of wetland plants anchor wetland
soils and, thus, reduce erosion. By creating frictional resistance (bottom drag),
wetland plants may also reduce flow velocities and cause more rapid wave dis-
sipation, thus reducing potentially erosive forces. Therefore, the denser and more
extensive the vegetation stand (i.e., lower interspersion), the more likely the
vegetation will stabilize sediments.

Confidence In Ranking: Moderate. Vegetated tidal areas may attract
animals that stimulate erosion by their activities (e.g., Serodes and Troude
1984/QUE:Eem).

Potential Importance to Function: High.

Measure: Determination of relative interspersion of vegetation and water.

Directness of Measure: Low. Field measurement of stem and root
volume is preferred.

15.2 Sheet Versus Channel Flow

Ranking: Wetlands where water enters in a channel and then spreads out
over a wide area are most likely to stabilize sediments.

Rationale: Frictional resistance is greater, and thus the potential erosive-
ness lower, where flow through the wetland is mostly sheet flow (e.g., Brown
1985).

Confidence in Ranking: High.

Potential Importance to Function: Moderate.
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Measure: Determination of whether or not water enters the wetland in a
channel and then spreads out over a wide area. Care must be exercised to be
sure that braided flow (a sign of increased erosion in some systems) is not
interpreted as sheet flow.

Directness of Measure: Low.

19. Fetch/Exposure

Ranking: Wide fetch provides greater opportunities for wave generation;
wetlands that intercept waves and thus protect nearby shores are more likely
to stabilize sediment.

Rationale: Erosive forces such as waves and storm surges are likelier to
become amplified if the fetch is great,(Keddy 1983/ONT:Lem). Wetlands that
intercept waves will reduce the fetch for nearby shores and, as a result, reduce
their erosion potential. Opportunity for erosion of salt marshes was considered
to be greatest where fetch exceeded 3 miles, and least where it was less than 2
miles (Knutson et al. 1982/VA:Eem). However, in another study, a distance of
only 0.5 mile was needed to generate waves capable of resuspending wetland
sediments (Carper and Bachmann 198411A:Pem). Wave height can be predicted
given the fetch distance, depth, and wind velocity (US Army Corps of Engineers
1977). See also Section 3.5, Predictor 19, for thresholds and references.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate. Wind direction and water
depth are important interrelated factors, but are difficult to assess from a single
visit.

Measure: Identification based on basin shape and position of nearby areas
sheltered by the wetland.

Directness of Measure: Moderate.

22. Flow, Gradient, Deposition

This predictor can be separated into two predictors relating to sediment
stabilization: flow and scouring. Both of these are indicators of opportunity for
sediment stabilization rather than predictors of a wetland's sediment stabilization
effectiveness.

22.1 Flow

Ranking: Wetlands with flowing water are more likely to have an oppor-
tunity to stabilize sediment.
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Rationale: Current velocity is a key contributor to erosion (Karr and
Schlosser 1977/*).

Confidence in Ranking: High.

Potential Importance to Function: Moderate. Sediment cohesiveness
and suspended/deposited equilibria are at least as important.

Measure: Determination of flow, or indications of flow, such as gage data,
scour lines, sediment deposition, etc.

Directness of Measure: Moderate.

22.2 Scouring

Ranking: Wetlands that are scoured indicate greater opportunity for sedi-
ment stabilization than those that are unscoured.

Rationale: Scouring indicates high flows capable of eroding the shoreline.
Thus, greater opportunity exists near scoured areas for sediment stabilization
to operate (Pfankuch 1975/*R).

Confidence in Ranking: High.

Potential Importance to Function: Not applicable.

Measure: Observation of evidence of long-term erosion in the wetland.

Directness of Measure: Moderate.

23. Ditches/Canals/Channelization/Levees

Ranking: Wetlands having modified distributaries that allow surface
waters to flow at a faster rate are likely to have greater opportunity to stabilize
sediment.

Rationale: Flow velocity increases in channelized areas. Erosiveness in-
creases with increasing flow velocities, thus providing greater opportunity for
sediment stabilization to occur. Erosiveness is further amplified by the rela-
tively rapid fluctuations of flows that occur in channelized areas (Laser et al.
1969/IA:R; King 1973/IA; Griswold 1978; Huish and Pardue 1978/NC:fo;
Schmal and Sanders 1978/WI:RP; Zimmer and Bachman 1978/IA:R; Stern
and Stern 1980/*; Scaife et al. 1983).

Confidence in Ranking: Low.

Potential Importance to Function: Moderate.
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Measure: Determination of presence of ditches, canals, levees, or similar
artificial features that cause surface water to leave at a faster rate than if such
features were not present.

Directness of Measure: Low.

25. Sediment Sources

Ranking: Wetlands surrounded by potentially erosive conditions are more
likely to have an opportunity for sediments to be stabilized.

Rationale: Erosive conditions must be present for sediment stabilization

to occur.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Documentation of potentially erosive conditions including
drastic water-level fluctuations, steep slopes, frequent boat wakes, channel-
ized tributaries, etc., that significantly elevate suspended solid levels.

Directness of Measure: High.

31. WaterNegetation Proportions

Ranking: Wetlands having no robust vegetation in zones where surface
water occurs are less likely to stabilize sediment.

Rationale: Robust vegetation, especially if persistent, is important for sedi-
ment stabilization because it typically produces relatively extensive stands with
high stem densities. Knutson et al. (1981/Eem) defined effective marshes as
those covering at least 60 percent of the shoreline. Allen (I979/*LR) discussed
the advantages of several native and introduced emergent species for erosion
control.

Confidence in Ranking: Moderate.

Potential Importance to Function: High.

Measure: Determination of the aerial coverage of robust vegetation in
wetland zones with surface water.

Directness of Measure: Moderate. Stem and root volume is a better
measure than percent coverage (Gleason et al. 1979/Eem), and water depth is
also a key factor. Quantitative estimates are possible using equations of Dean
(1979/*).
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34. Water Level Control

Ranking: Wetlands located just downstream from large impoundments
(higher than 20 feet at the outlet) are more likely to have an opportunity to
stabilize sediment.

Rationale: Large impoundments are usually equipped with structures for
rapidly releasing water (i.e., spillways). Rapid water-level fluctuations are
more erosive than stable flow conditions, and often contribute to bank failures
(Pfankuch 1975/*R, Nunnally and Keller 1979/*R, Ritter 1986/*). Also, im-
poundments allow sediment loads to settle out, causing disequilibrium of
downstream sediments and increasing the erosiveness of water as it enters a
wetland (see Section 2.3.2).

Confidence in Ranking: High.

Potential Importance to Function: Moderate. The effect depends also
on impoundment type, dam size, proximity, age, and other factors.

Measure: Documentation of upstream impoundments that impact the
wetland.

Directness of Measure: Low.

36. Vegetated Width

Ranking: Wetlands with wide stands of vegetation are more likely to
stabilize sediments than those with narrow stands.

Rationale: Greater widths of vegetation provide more frictional resistance
and greater dissipation of erosive forces (Gleason et al. 1979/Eem). Measure-
ments by Knutson et al. (1981, 1982/Eem) and Wayne (1976/Eemab) indicated
that 50 to 80 percent of the energy from small waves could be dissipated
within 30 to 65 feet by partially flooded emergent vegetation. Silberhorn et
al. (1974/VA:Eem) and Garbisch (1977/*) felt that tidal emergent wetlands
wider than 2 and 10 feet, respectively, may be significant as an erosion deter-
rent, depending on local conditions. However, Knutson et al. (1981/Eem) con-
sidered such wetlands to be relatively ineffective in buffering waves if less
than 6 feet wide, or if they comprised less than 20 percent of the reach of an
erodible shoreline; wetlands wider than 30 feet reduced wave energy by
88 percent.

Confidence In Ranking: Moderate.

Potential Importance to Function: High.

Measure: Determination of average width of vegetated wetland zones.
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Directness of Measure: Moderate. Proportionate width (width relative to
channel size) rather than absolute width is often a better measure. Field meas-
urement of stem density is preferred.

41. Velocity (spatially dominant)

Ranking: Wetlands with flowing water of high velocity will have greater
opportunity for stabilizing sediments than those with no flow.

Rationale: Current velocity can be a key contributor to erosion (Figure 5).

Confidence in Ranking: Low. If equilibrium conditions exist, erosion
may occur independently of velocity.

Potential Importance to Function: High.

Measure: Determination of the water velocity throughout most of the wet-
land during annual peak flow.

Directness of Measure: Moderate. Determination of equilibrium condi-
tions is preferred.

45. Substrate Type (spatially dominant)

Ranking: Wetlands having no vegetation are likely to stabilize sediment only
if they have predominantly rubble substrates. Rubble substrates are defined by
Cowardin et al. (1979/*) as areas where stones and boulders larger than 10 inches
in diameter together with bedrock cover more than 75 percent of the area.

Rationale: Finer sediments are more erodible, especially if uncompacted.

Confidence in Ranking: High.

Potential Importance to Function: Low.

Measure: Determination of the dominant substrate found in the upper 3 inches
of the wetland.

Directness of Measure: Low.
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3.5 Sediment/Toxicant Retention

1. Climate (predictor for effectiveness
and opportunity)

Ranking: Areas along the Pacific coast (Patric et al. 1984/US:fo), those
with high drainage density (miles of stream per square mile), and those with
high rainfall erosivity are most likely to have greater transport of sediment
and toxicants to wetlands, and thus provide wetlands with the greatest oppor-
tunity for retention. Nationwide studies of 800 watersheds indicate sediment
yields per unit area are greatest in regions with about 2 inches of annual
runoff (Dendy and Bolton 1976/U.S.). The effectiveness of tidal wetlands
subject to frequent storms may be great, especially in regions of low tidal
amplitude (Stumpf 1983/DE:Eem, Wolaver et al. 1988/SC:Eem).

Rationale: Runoff from areas located in regions where rainfall is par-
ticularly erosive will likely contain relatively high sediment loads (Novotny
1980). Thus, wetlands in such areas have a greater opportunity for retaining
sediments and toxicants.

Confidence in Ranking: Low to moderate.

Potential Importance to Function: Moderate. Erosion and transport
depend also on seasonality of rainfall, soil type, slope, land cover, and other
factors.

Measure: Determination of whether the wetland is located in an intense
storm region, an area with high rainfall erosivity factors (greater than 300), or
small tidal amplitude (less than 2 meters). These thresholds are arbitrary.

Directness of Measure: Moderate for opportunity; low for effectiveness.
Precipitation, soils, and tidal data from local sources are preferred.

5. Wetland/Watershed Ratio
(predictor for opportunity)

Ranking: Large watersheds (relative to wetland size) are more likely to
provide opportumities to wetlands for sediment/toxicant retention, especially
if few wetlands are located in the watershed upstream of the wetland being
assessed.

Rationale: Loadings of suspended sediment available to wetlands for
retention are often correlated with watershed area (Costa 1977/MD:R, Dunne
and Leopold 1978) and storm runoff volume (Sheridan and Hubbard 1987/
GA:R). An equation for estimating flushing of sediment, given the wetland
and watershed sizes, is given by Heinemann (1981).
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Confidence in Ranking: Moderate to high. A nationwide study of 800
watersheds indicated sediment yield per unit watershed area was inversely cor-
related with the 0.16 power of the area (Dendy and Bolton 1976/U.S.).

Potential Importance to Function: Moderate. Other key interacting variables
include soil type, climate, slope, and land cover.

Measure: Determination of the percentage of the watershed occupied by
the assessment area as defined in Volume H, and the percentage of the water-
shed occupied by wetlands upslope of the assessment area. The thresholds are
arbitrary.

Directness of Measure: Moderate.

7. Gradient, Velocity (predictor for effectiveness)

Ranking: Wetlands with gradual gradients are more likely to perform sediment/
toxicant retention than those with steep gradients.

Rationale: Water velocity decreases, and thus retention time increases,
with decreasing slope. Increasing retention time increases the potential for
sediment/toxicant retention. The more gradual the wetland gradient, the
greater the potential for sediment deposition and retention of toxicants by
burial (De Jong 1976, Karr and Schlosser 1977/*, Fetter et al. 1978/WI:Pem,
Boto and Patrick 1979/*, Mulholland 1981/NC:fo, Sheridan and Hubbard
1987/GA:R).

Confidence in Ranking: Moderate. Anoxic conditions associated with

long retention times can mobilize some toxicants.

Potential Importance to Function: Moderate.

Measure: Comparison of the channel gradient with thresholds indicative
of depositional conditions.

Directness of Measure: Moderate. On-site measurement using surveying
equipment is preferred.

8. Inlets, Outlets (predictor for effectiveness
and opportunity)

Ranking: Wetlands with surface water inlets are more likely to have an op-
portunity for sediment/toxicant retention than are those without such inlets.
Wetlands without outlets are more likely to be effective than those with outlets.

Rationale: Surface waters carry sediments and toxicants adsorbed to them.
Therefore, wetlands with inlets are more likely to have sediment and toxicant
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inputs, thus providing an opportunity for sediment/toxicant retention (ground
water may carry dissolved but not suspended toxicants). Wetlands without
outlets normally retain all sediment and physically bound toxicant inputs
(with export possible only via ground water, wind, animals, or in gaseous form).
Wetlands that occupy at least I percent of their watershed area and are
capable of storing more than 10 percent of their average annual inflow usually
trap more than 85 percent of the incoming sediment (Dendy and Bolton
1976/U.S.). Concentrations of lead, arsenic, cadmium, and selenium (but not
mercury) are higher in sediments of wetlands without outlets than in riverine wet-
land sediments (Martin and Hartman 1987/ND,SD).

Confidence in Ranking: Moderate (opportunity); high (effectiveness).

Potential Importance to Function: Moderate (opportunity); high (effec-
tiveness).

Measure: Identification of inlets and outlets for surface water flow.

Directness of Measure: Low (opportunity); high (effectiveness).

9. Constriction (predictor for effectiveness)

Ranking: Wetlands with constricted outlets are more likely to retain sedi-
ments and toxicants than those with unconstricted outlets.

Rationale: Average discharge volume is less in wetlands with constricted
outlets. Therefore, the potential for retention of sediments and toxicants is
greater there. Sheet flow is also more conducive to sediment detention than is
channel flow (Kadlec and Tilton 1979/*, Tilton and Kadlec 1979/MI:P, Mul-
holland 198 1/NC:fo, Brown 1985, Chescheir et al. 1987/NC:Pem, Kadlec
1987/*, Sheridan and Hubbard 1987/GA:R, ).

Confidence in Ranking: Moderate. Opportunity may tend to be higher for
wetlands with unconstricted outlets, as they tend to be associated with large
volumes of discharge.

Potential Importance to Function: Moderate.

Measure: Identification of constricted outlets. Thresholds are arbitrary.

Directness of Measure: Moderate. Field measurement of cross-sectional
area of inlets and outlets, relative to wetland volume, is preferred.
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10. Wetland System (predictor for
effectiveness and opportunity)

Ranking: Tidal riverine, estuarine, and marine wetlands are more likely to
retain sediments and toxicants.

Rationale: Riverine systems typically carry large quantities of suspended
sediments and associated toxicants, thus providing opportunity for sediment/
toxicant retention. When conditions are suitable (e.g., flow velocity is
decreased due to vegetation, pools/riffles, tidal influence, etc.), these suspended
sediments are deposited. Clay particles are flocculated at the salt/fresh water
interface (Boto and Patrick 1979/*, Correll 1978/*E), with intense floccula-
tion occurring at salinities of 2 to 5 ppt (see Predictor 38). These salinities most
commonly occur in estuarine systems.

Confidence in Ranking: Low.

Potential Importawce to Function: Low to moderate. In estuaries, floc-
culation due to salinity is commonly overridden by the influence of density cur-
rents (Nelson 1960/*Per).

Measure: Determination of the wetland classification according to Cowar-
din et al. (1979/*).

Directness of Measure: Low.

12. Vegetation Class/Subclass (Primary)
(predictor for effectiveness)

Ranking: Wetlands dominated by forest, scrub-shrub, or persistent emer-
getit vegetation are more likely to retain sediments and associated toxicants
than are unvegetated, moss-lichen, or riverine aquatic bed wetlands.

Rationale: Persistent, multistemmed plants enhance sedimentation by of-
fering frictional resistance to water flow (Richards 1934/UK:Eem; Jackson
and Starrett 1959/IL:L; Karr and Schlosser 1977, 19781*; DeLaune et al. 1978/
LA:Eem; Richards 1978/NY:Eem; Boto and Patrick 1979/*; Dean 1979/*;
Gleason et al. 1979AEem; Phillips 1980/*Eab; Mulholland 1981/NC:fo; Ken-
worthy et al. 1982/NC:Eab; Morris and Paulson 1982/NV:Rem; Knight et al.
1984/NC:P; Brown 1985; Stabel and Geiger 1985; Lowrance et al.
1986/GA:fo; Sheridan and Hubbard 1987/GA:R).

Because vegetational resistance to water flow rapidly diminishes as the
water depth becomes greater than vegetation height, wooded wetlands may be
particularly effective. However, wooded sites in frequently flooded riverine
situations are more likely to support single-stemmed, widely spaced vegetation
(Klimas et al. 198 l1/*fo, Ehrenfeld 1987/NJ:P), which is less effective for sediment
retention and toxicant removal.
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Moss-lichen cover, because it generally intercepts little of the surface
water mass, is less effective in slowing water movement and thus is not effective
in supporting sedimentation, unless basin morphologies influence water exchange
rates with adjoining waters.

Emergent vegetation may be more effective than aquatic bed vegetation for
oxidizing toxic substances (Barko and Smart 1983/L).

The relative effectiveness of four seagrass species for retaining sediment is
discussed by Fonseca and Fisher (1986/NC:Eab).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate to high. Basin morphology
is probably a better predictor of sedimentation than is vegetation frictional resis-
tance. Some studies have found less sediment retention in wetlands than in ad-
jacent deep water (Smith et al. 1985/LA:E) or subtidal areas (Jordan et al.
1986/MD).

Measure: Determination of the dominant vegetation class and subclass of the
wetland.

Directness of Measure: Low to moderate. Sedimentation also depends on
particle size, gradient, morphology of the wetland's basin, and other factors.

13. Vegetation Class/Subclass (Secondary)

(predictor for effectiveness)

Ranking: See Predictor 12, Vegetation Class/Subclass (Primary).

Rationale: See Predictor 12, Vegetation Class/Subclass (Primary).

Confidence in Ranking: See Predictor 12, Vegetation Class/Subclass
(Primary).

Potential Importance to Function: See Predictor 12, Vegetation Class/
Subclass (Primary).

Measure: Determination of vegetation classes and subclasses comprising
10 percent, or at least 1 acre, of the wetland. Thresholds are arbitrary.

Directness of Measure: Low.
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15. Vegetation/Water Interspersion
(predictor for effectiveness)

Ranking: Wetlands with dense vegetation (low vegetation-water inter-
spersion) are more likely to retain sediments and toxicants than those with
sparse vegetation.

Rationale: Dense vegetation offers frictional resistance to water flow,
promoting sedimentation and retention of toxicants via burial (see Predictor
12 above). Dense vegetation also reduces the resuspension of bottom sediments
by wave action (Richards 1978/NY:Eem; Phillips 1980/Eab).

Confidence in Ranking: High.

Potential Importance to Process: Moderate.

Measure: Determination of relative degree of vegetation-water interspersion.

Directness of Measure: Low. Field measurement of stem and root
volume is preferred but is time-consuming.

19. Fetch/Exposure (predictor for effectiveness)

Ranking: Unsheltered wetlands are less likely to retain sediments and
toxicants, whereas those such as islands, deltas, bars, or peninsulas, which
shelter adjacent areas by intercepting waves, are more likely to retain these.

Rationale: The greater the fetch, the greater the potential for wind mixing,
and the greater the sediment carrying capacity of water (Settlemyre and Gardiner
1977/SC:E, Stern and Stickle 1978/*). Wetlands that shelter adjacent areas create
conditions favorable for sedimentation (Settlemeyre and Gardiner 1977/SC:E,
Stem and Stickle 1978/*) and possibly for toxicant retention. Deltas and bars, in
addition to providing shelter for adjacent areas, are natural depositional areas and
retain sediments directly on-site.

Winds of less than 16 mph will resuspend sediments in half-mile-wide basins
that are shallower than 5 feet (Carper and Bachmann 1984/IA:Pem). Winds of
only 10 mph can resuspend sediments in large 20-ft-deep basins (Demers et al.
1987/Que:E). Wave height (in inches) can be approximated as 0.1413 times the
square root of the effective fetch (Hutchinson 1957/*).

Confidence in Ranking: Moderate. Sheltered areas may be subject to ice-
related erosion.

Potential Importance to Function: Moderate. Sedimentation also depends
on particle size, mass, temperature, and other factors.

114 Prediction of Wetland Effectiveness and Opportunity WES TR WRPoDE-2, October 1991



3.5 Sediment/Toxicant Retention Chapter 3.0

Measure: Determination of whether the wetland is sheltered or unsheltered
and exposed to wave action, or if the wetland is a part of an island, delta, bar,
or peninsula that protects nearby shores.

Directness of Measure: Low to moderate. Direct measurement of wave size,
wind velocity, and (ideally) sedimentation rate is preferred.

21. Land Cover of Watershed
(predictor for opportunity)

Ranking: Wetlands with watersheds dominated by forest or scrub-shrub
vegetation are less likely to have an opportunity for sediment/toxicant reten-
tion than are those with urban, agricultural, or similar land uses.

Rationale: Densely vegetated watersheds (e.g., undisturbed forest, scrub-
shrub cover) stabilize soils, reduce runoff velocity, and thus export less sedi-
ment or suspended toxicants (Bormann et al. 1974, Likens and Bormarm
1974/*R, Ostry 1982, Chang et al. 1983, Cooper et al. 1986/NC:fo). Because
runoff on exposed soils (e.g., urban areas) is unimpeded by vegetation, sedi-
ments and associated toxicants are frequently flushed into wetlands, thus
providing the wetlands with an opportunity to retain sediments and toxicants
(Woiman and Schick 1967/MD:R, Yorke and Herb 1976/MD).

The long-term sediment yield from 812 forested watersheds nationwide
was 0.25 ton/acre/year (Patric et al. 1984/JS:fo). Urbanization of a 100-square
mile watershed (77 percent urban) was shown by simulation models to in-
crease sediment yields to between 4.1 and 4.4 tons/acre/year (Arnold et al. 1987).

Confidence in Ranking: High.

Potential Importance to Function: High. Proximity to source, water-
shed gradient, precipitation, and soil type are at least as important.

Measure: Determination of the type of land cover found on a majority of
the wetland's watershed.

Directness of Measure: Moderate.

22. Flow, Gradient, Deposition
(predictor for effectiveness)

Ranking: Unscoured wetlands that are part of an actively accreting delta are
more likely to retain sediments and associated toxicants.

Rationale: Scoured wetlands indicate an erosional environment, and
thus would not retain sediments or toxicants associated with them. Deltas, if
stable over time, retain sediments and toxicants because they are depositional
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environments. Channel migration, which would result in scouring of wetlands
and resuspension of their sediment, increases with increasing river size (Hooke
1980/SC, Nanson and Hickin 1986/BC:R) and decreasing silt and clay com-
position of the streambanks (Daniel 1971/IN:R, Hooke 1980/SC).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of whether scouring is present or if the wetland
is part of an actively accreting delta. Definition of delta conditions is some-
times subjective.

Directness of Measure: High (if long-term series of aerial photos are used) to
moderate (if other sources are used). In some cases, dendrochronology can also
be used.

25. Sediment Sources (predictor for
effectiveness and opportunity)

Ranking: Wetlands that receive runoff from watersheds with erosion-sus-
ceptible areas have the greatest opportunity to perform sediment/toxicant reten-
tion. For effectiveness, this predictor is used as a classification variable rather
than a determinant (i.e., if overland flow is the primary sediment source, one
set of criteria apply, whereas another set is used if channel flow is the primary
sediment source). However, sediment loading rates may be used in a few
cases to indicate wetland effectiveness; increasing levels of suspended sedi-
ment in the wetland are, up to a point, associated with increasing retention
(Faye et al. 1980).

Rationale: Sediments (and toxicants associated with them) are more likely
to wash into wetlands if watersheds have steep slopes, exposed soils, or soils
susceptible to erosion (Paulet et al, 1972/L, Novotny 1980, Whipple et al.
198 1/NJ:R, Chang et al. 1983, Cooper et al. 1986/NC:fo).

Confidence in Ranking: High (opportunity); not applicable (effectiveness).

Potential Importance to Function: High (opportunity); not applicable (ef-
fectiveness). Slope and degree of sediment control were the most significant fac-
tors affecting sediment yield from construction sites, explaining 59 percent of the
variation in sediment yield (Yorke and Herb 1976/MD).

Measure: Determination of potential source(s) of inorganic sediment and
toxicants such as storm-water outfalls, irrigation return waters, surface mines, ex-
posed soils, erosion-prone soils, gullies, sand or gravel pits, or severely eroding
stream or road banks. Numeric thresholds used in Volume II to define size of the
potential input zone are derived from several studies.
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Directness of Measure: Low. Direct measurement of suspended or
deposited sediment is preferable. Numerous field techniques are available
(e.g., Hudson 1982). If sediment sources are assumed, then coincidence with
periods of maximum runoff should be considered, as some sources are as-
sociated only with seasonally intermittent activities (Shahane 1982). Models are
available for quantifying the transport and fate of sediments (e.g., Universal Soil
Loss Equation, ANSWERS model, some Hydrologic Engineering Center
models).

27. Contaminant Sources (predictor for opportunity)

Ranking: Wetlands in proximity to potential sources of waterborne con-
taminants are more likely to have an opportunity for sediment/toxicant reten-
tion.

Rationale: By definition, a potential source of toxicants must be present

in order to have an opportunity for retention.

Confidence in Ranking: High.

Potential Importance to Function (Opportunity): High. Atmospheric
sources of metals and synthetic organics (via deposition or precipitation) may
occasionally be significant as well (Lazrus et al. 1970, Rappaport et al.
1985/U.S.).

Measure: Documentation of potential sources of waterborne contaminants.

Directness of Measure: Low. Direct measurement of contaminant levels or
(better yet) their biotic effects is preferable to assuming presence based on
stereotypical sources. If sources are assumed, then coincidence with periods
of maximum runoff should be considered, as some sources are associated only
with seasonally intermittent activities. Models are available for quantifying
the transport and fate of contaminants (e.g., Chui et al. 1982/*, Hoffman et al.
1985).

28. Direct Alteration (predictor for effectiveness)

Ranking: Wetlands that were tilled or filled or excavated or have had an
outlet added or an inlet blocked are less likely to retain sediment and as-
sociated toxicants.

Rationale: Direct alterations that reduce a wetland's ability to receive or
hold water (and suspended sediment and toxicants), or those that destroy
vegetation which otherwise enhances sedimentation by slowing water move-
ment, will diminish the wetland's ability to retain sediment and toxicants. Filling
and excavation may also cause short-term increases in suspended sediment.
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Confidence in Ranking: Low (fill, excavation) to moderate (tillage). Some
newly created wetlands may have greater annual accretion rates than older ones
(Pethick 1981/Eem).

Potential Importance to Function: Moderate.

Measure: Documentation of direct alterations such as tillage, excavation,
filling, addition of an outlet, or blockage of an inlet

Directness of Measure: Low. Measurements of the magnitude, location,
and type of alteration will improve the accuracy.

31. WaterNegetation Proportions
(predictor for effectiveness)

Ranking: Wetlands with mostly open water are less likely to retain sedi-
ment and toxicants than those that are extensively vegetated.

Rationale: Vegetation creates frictional resistance to water movement,
often creating a tortuous flow path, limiting resuspension by wind mixing, and
thus promoting sedimentation.

Confidence in Ranking: Moderate. Mobilization of some contaminants
may be encouraged by conditions commonly associated with vegetated wet-
lands (see Section 2.5).

Potential Importance to Function: Moderate. Water depth, particle size,
and other factors may be at least as important.

Measure: Determination of relative water/vegetation proportions within
each of the wetland zones as defined in Volume 11. The thresholds are arbitrary.

Directness of Measure: Low. Stem and root volume is a better measure
of sedimentation potential than is percent coverage.

34. Water Level Control (predictor
for effectiveness and opportunity)

Ranking: Wetlands not influenced by an upslope impoundment are more
likely to have an opportunity for sediment/toxicant retention, whereas wet-
lands that experience ponding created by a downstream dam or dike are more
likely to be effective at retaining sediments and associated toxicants.

Rationale: Dams or dikes that create ponds allow sediments to settle out, but
allow little opportunity for wetlands immediately downstream to retain sediments
(Dendy 1974, Rausch and Schreiber 1977, Heinemann 1981, Whipple and Di-
Louie 1981/NJ:R).
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Confidence in Ranking: High (opportunity); high (effectiveness).

Potential Importance to Function: High (opportunity); high (effective-
ness). Retention depends also on proximity to impoundment, type and size of
dam, and other factors.

Measure: Documentation of upstream or downstream dams or dikes that
impact the wetland.

Directness of Measure: Low.

35. Flooding Extent and Duration
(predictor for effectiveness)

Ranking: Wetlands that experience seasonal flooding of long duration and
great extent are more likely to retain sediment and toxicants.

Rationale: The greater the seasonal flooding duration and extent, the
greater the settling time for suspended sediment/toxicant deposition. Also, be-
cause primary productivity generally increases with seasonal flooding (Con-
ner and Day 1976/LA:fo, Darnell et al. 1976/*, Johnson et al. 1976/ND:fo,
Bums 1978/FL:fo, Fredrickson 1979/MO:fo, Mitsch et al. 1979/IL:fo, Odum 1979/
*fo, 1981; Day et al. 1980/LA:fo) vegetation in seasonally flooded wetlands
will likely offer greater frictional resistance and thus promote sedimentation.

Confidence in Ranking: Moderate to high. As flooding duration and ex-
tent increase, so do flood water volume and energy, which reduces sediment
trapping efficiency. Sediments from th; intermittently flooded fringes of wet-
lands may (if unvegetated) be resuspended when flooded. Mobilization of
some contaminants may be encouraged by anaerobic conditions, which com-
monly develop during long periods of flooding (see Section 2.5).

Potential Importance to Function: Moderate.

Measure: Determination of the extent and duration of wetland flooding.
Thresholds are adapted from US Army Corps of Engineers (1980).

Directness of Measure: Low.

36. Vegetated Width (predictor for effectiveness)

Ranking: Wetlands in which the average width of emergent, scrub-shrub,
or forest vegetation is great are more likely to retain sediment and associated
toxicants than where vegetation is narrow.

Rationale: Persistent vegetation offers frictional resistance to water flow,
thus enhancing sedimentation (see Predictor 12 above). The greater the width
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of vegetation within the wetland, the greater the frictional resistance offered.
Silberhorn et al. (1974/VA:Eem) indicated that tidal emergent wetlands wider
than 2 feet might be effective in filtering sediments.

Confidence in Ranking: High.

Potential Importance to Function: High. Width of vegetation relative to
channel width is probably a better indicator.

Measure: Determination of the average width of emergent, scrub-shrub,
or forest vegetation in the wetland.

Directness of Measure: Moderate.

41. Velocity (spatially dominant)
(predictor for effectiveness)

Ranking: Wetlands with predominantly low water velocities during annual
peak flows are more likely to retain sediments and toxicants than are those
with rapid flow.

Rationale: The greater the flow velocity, the less likely that sediments and
toxicants will be retained by sedimentation and burial (Kadlec and Tilton 1979/*,
Brown 1985).

Confidence in Ranking: Moderate. Resuspension may be no greater in
rapid channels than in slow ones if sediment equilibria exist.

Potential Importance to Function: High. Flow velocity is the single
most important factor affecting sediment-trapping efficiency (Dendy 1974,
Karr and Schlosser 1977/*, Turner 1980/*L). Sediment particle size, settling
rate, and cohesiveness are also important.

Measure: Determination of the water velocity through most of the wetland
during peak flow.

Directness of Measure: Moderate to high.

42. Velocity (Secondary) (predictor for effectiveness)

Ranking: See Predictor 41, Velocity (spatially dominant).

Rationale: See Predictor 41, Velocity (spatially dominant).

Confidence In Ranking: Low.

Potential Importance to Function: Low.
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Measure: Determination of the water velocity occurring in at least 1 acre,
or 10 percent of the wetland. Thresholds are arbitrary.

Directness of Measure: Low.

43. Water Depth (spatially dominant)
(predictor for effectiveness)

Ranking: Shallow wetlands are more likely to retain sediments and
toxicants than are deep wetlands.

Rationale: Shallow wetlands offer greater frictional resistance, both direct-
ly and as a result of their favoring rooted vegetation. The resultant velocity
reduction favors sedimentation (Kadlec and Tilton 1979/*, Knight et al.
1984/NC:P).

Confidence In Ranking: Low. Wind mixing of the substrate is greater in
shallow wetlands (especially if.the wetland is unvegetated), thus resuspending
sediments and inhibiting burial (Nolen et al. 1985/OK:L). As a result, sedi-
ment retention over the long term may be greater in large, deep wetlands due
to their longer retention times and greater storage capacity (Evans and Rigler
1983, Stevenson et al. 1988).

Potential Importance to Function: Moderate. Wetland size and gradient
have more effect on retention time (and thus on sedimentation) than does depth
(Kadlec 198 7/*).

Measure: Determination of the spatially dominant water depth of the wetland.
Mean depth in some riverine wetlands can be rapidly estimated from measuring cur-
vature of meanders on aerial photos (see Williams 1986).

Directness of Measure: Moderate.

45. Substrate Type (spatially dominant)
(predictor for effectiveness)

Ranking: Wetlands with predominantly bedrock, rubble, or cobble-gravel
subtrates are less likely to retain sediment and toxicants than those with mud or
organic sedimenits.

Rationale: Mud and organic matter commonly associated with fine sedi-
ments (Ricci et al. 1983) are usually found in sheltered, depositional areas,
whereas cobble and rubble are typical of high-energy, erosional areas. Thus, wet-
lands with muddy or organic substrates are likely to have a higher potential for,
and be indicators of, sediment trapping (Silberhorn et al. 1974/VA:Eem).
Toxicant retention (especially of metals and nonionic synthetic organics, e.g.,
PCBs) is often associated with organic soils (see Section 2.5 for references).
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Confidence in Ranking: Moderate. Resuspension may be no greater
among coarse-substrate wetlands than among fine-substrate (organic) ones if
sediment equilibria exist. Organic sediments in some situations can encourage
mobilization of contaminants (see Section 2.5). Adsorption of contaminants
onto the finest particles may make them less likely to be retained in wetlands,
because settling rates are slowest for the finest particles and they may be
easily flushed downstream.

Potential Importance to Function: High.

Measure: Determination of the spatially dominant substrate type of the
wetland.

Directness of Measure: Low.

48. Salinity and Conductivity
(predictor for effectiveness)

Ranking: Wetlands with mixosaline (0.5 to 18.0 ppt) waters are more like-
ly to retain sediment and thus its associated toxicants.

Rationale: Clay particles flocculate and settle out at the salt/fresh water
interface (i.e., mixosaline waters) (Correll 1978/*E, Boto and Patrick 1979/*).
Intense flocculation occurs as soon as the salinity reaches 2 ppt and is com-
pleted at a salinity of 5 ppt (Rochford 1953/AU:E).

Confidence in Ranking: Moderate. The process can sometimes be over-

riden by the influence of density currents (Nelson 1960/VA:R).

Potential Importance to Function: Moderate.

Measure: Determination of salinity or conductivity of the wetland.

Directness of Measure: Moderate.

49. Aquatic Habitat Features
(predictor for effectiveness)

Ranking: Riverine wetlands with pools and riffles are more likely to retain
sediment and toxicants. Those with straight channels are less likely to per-
form this function.

Rationale: Pools and riffles reduce erosive energy and sediment transport-
ing ability, especially during low and medium flows (Stall and Yang 1972, Karr
and Schlosser 1977/*, Nunnally and Keller 1979/*R). Stall and Yang (1972/IL)
found that erosive energy and transporting capacity was 23 to 26 percent lower in
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a pool and riffle stream during medium- and low-flow conditions than in an
otherwise equivalent uniform channel.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of the proportion and spacing of the wetland's
stream reach containing riffles, pools, backwaters, or other slow-water areas.
Pool-riffle ratio thresholds are based on criteria for long-term stream stability
given by Nunnally and Keller (1979/*R).

Directness of Measure: Moderate.

55. Suspended Solids (predictor for opportunity)

Ranking: Wetlands that receive runoff or other surface water with high
levels of suspended solids have greater opportunity to retain sediments and
toxicants than those that receive runoff or other surface water with low levels
of suspended solids.

Rationale: By definition, sediment must be present as suspended solids
for a wetland to have an opportunity to retain them. The greater the concentra-
tion of solids, the greater the opportunity to trap the suspended particles.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of suspended solids or (less desirably) the Secchi
disc reading of water entering the wetland.

Directness of Measure: Moderate. Where suspended solids exist as col-
loids, it may be impossible for them to settle.

64. Total Suspended Solids (TSS) Differential
(predictor for effectiveness)

Ranking: Wetlands that show higher levels of suspended solids at inlet(s) than
at outlet(s), or those with retention times sufficiently long to allow sediment deposi-
tion, are more likely to retain sediment and toxicants.

Rationale: If the TSS concentration is consistently lower at oudet(s) than at
inlet(s), then the wedand may be acting as a sink for suspended solids.

Confidence In Ranking: Moderate. If the wetland has another water
source (e.g., the wetland is a ground water discharge area), the level of TSS
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may be lowered by dilution in the absence of sediment-trapping activity. Con-
versely, the TSS level may increase due to additional inputs from eroding
stream banks, concentration by evapotranspiration, or export of suspended or-
ganic substances, even if the wetland is actively trapping sediment.

Potential Importance to Function: High.

Measure: Determination of levels of TSS simultaneously at wetland
inlet(s) and outlet(s) or measurement of retention time in the wetland with
tracer dyes or morphometric analyses. Discharge at inlet and outlet should be
measured concurrently with TSS, and both measurements should be made con-
tinuously over a 1- to 2-year period.

Directness of Measure: Moderate.

3.6 Nutrient Removal/Transformation

1. Climate (predictor for opportunity)

Ranking: Areas having highly erosive rainfall are more likely to en-
courage transport of nutrients to wetlands, and thus their wetlands have an op-
portunity for nutrient removal/transformation.

Rationale: The rainfall erosivity factor is an index to the erosiveness of
rainfall and associated runoff. Nutrients, in addition to soil particles, are
removed and transported in the erosion process. Thus, this index reflects the
potential nutrient load of runoff.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate. Erosion and transport
depend also on seasonality of rainfall, soil type, gradient, and land cover.

Measure: Determination of the rainfall erosivity factor for the area of
interest.

Directness of Measure: Low (if from maps) to moderate (local data).

4. Location and Size (predictor for opportunity)

Ranking: Larger watersheds are more likely to encourage transport of nutri-
ents to wetlands, and thus their wetlands have an opportunity for nutrient removal/
transformation.

Rationale: The larger the watershed, the greater the source area and
erosion potential for nutrients in runoff. The relationship of nutrient delivery
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to watershed area in agricultural watersheds is nonlinear, with nutrient delivery
per unit area decreasing in larger watersheds, as can be predicted from the
equations of Prairie and Kalff (1986/QUE:R).

Confidence in Ranking: High.

Potential Importance to Function: Moderate. Land cover type,
proximity to wetland, slope, soil type, and other factors are also important.

Measure: Determination of the wetland's watershed size.

Directness of Measure: Moderate (high if comparing wetland watersheds
with similar characteristics).

5. Wetland/Watershed Ratio
(predictor for opportunity)

Ranking: Large watersheds (relative to wetland size) have a greater oppor-
tunity for nutrient removal/transformation, especially if few other wetlands
are located upslope from the assessed wetland.

Rationale: Concentrations of nutrients available to wetlands are often cor-
related with watershed area, although in the case of agricultural watersheds
the relationship is not necessarily linear (Prairie and Kalff 1986/QUE).

Confidence in Ranking: High. Soil type, climate, slope, and land cover
are other important interacting variables.

Potential Importance to Function: Moderate.

Measure: Determination of the percentage of the watershed acreage oc-
cupied by the wetland. The 20-percent threshold is arbitrary.

Directness of Measure: Moderate (high if comparing wetland watersheds
with similar characteristics).

7. Gradient (predictor for effectiveness)

Ranking: Wetlands with gradual gradients are more likely to retain or trans-
form nutrients than those with steep gradients.

Rationale: Water velocity decreases, and retention time increases, with
decreasing slope. Because the potential for nutrient retention increases with
retention time (De Jong 1976), the more gradual the wetland gradient, the
greater the potential for retention of sediment-adsorbed nutrients by burial (De
Jong 1976, Karr and Schlosser 1977/*).
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Confidence In Ranking: Moderate to high. Uncertainty exists because
(1) anoxia associated with longer retention times (Weiler 1978/WI:L, Dahm
et al. 1987) can mobilize sediment-bound phosphorus and (2) low-gradient
(<3 percent) riverine wetlands may be vulnerable to rapid export of particulate
phosphorus (Prairie and Kalff 1988b/QUE:R).

Potential Importance to Function: Moderate.

Measure: Determination of the wetland channel gradient relative to
threshold gradients necessary to create depositional velocity conditions.

Directness of Measure: Moderate. On-site measurement using surveying
equipment is preferred.

8. Inlets, Outlets (predictor for effectiveness
and opportunity)

Ranking: Wetlands with permanent inlets have a greater opportunity for
nutrient removal/ransformation than do those without inlets, whereas those with
no outlets are more effective at nutrient removal/iransformation.

Rationale: Surface waters carry suspended or dissolved nutrients. Thus, wet-
lands with inlets are more likely to have nutrient inputs. Wetlands without outlets
would retain all nutrient inputs except those lost via ground water, wind, freeze-
out (Kadlec 1986/*), animals, or gaseous transformation (Novitzki 1978/WI:P,
Carter et al. 1979/*).

Confidence in Ranking: Moderate (opportunity); high (effectiveness).

Potential Importance to Function: Moderate (opportunity); high (effective-
ness).

Measure: Determination of inlets and outlets for surface water flow.

Directness of Measure: Low (opportunity); high (effectiveness).

9. Constriction (predictor for effectiveness)

Ranking: Wetlands with constricted outlets are more likely to retain and/or
transform nutrients than are those with unconstricted outlets.

Rationale: Average discharge volume is likely less in wetlands with
constricted outlets. Therefore, the potential for biological processing,
sedimentation, and retention of nutrients is greater (e.g., Brown 1985). In any
season, beaver-impounded wetlands, foi example, can retain 3 to 10 times
more particulate organic matter than do downstream channels (McDowell and
Naiman 1986/QUE:R). Impounded tidal wetlands exported less ammonium
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and phosphorus than natural salt marshes (McKellar et al. 1987/SC:EP). Wet-
lands with sheet flow (Question 9.2, Volume II) may experience greater
nutrient removal due to greater contact between plants and runoff (see Predic-
tor 12 below). Similarly, riverine pools that comprise only 23 percent of a
stream may contribute 36 percent of the shredder organisms, which are partly
responsible for nutrient transformation (Huryn and Wallace 1987/NC:R).

Confidence in Ranking: Moderate. Nutrients can be mobilized, not
retained, in the anaerobic zones most commonly associated with constricted
wetlands (Dahm et al. 1987). Unconstricted (e.g., fringe) wetlands may have
temporarily high nutrient retention because their greater water exchange rates
may encourage plant production and nutrient uptake (Hynes 1970/*R; Conner
and Day 1976/LA:fo; Gosselink and Turner 1978/*; Odum 1978/*FL,
1979/*fo, 1981; Brown et al. 1979/*fo; Day et al. 1980/LA:fo; Mendelssohn
and Seneca 1980/NC:Eem; Phillips 1980/*Eab; Brown 1981/FL:Pfo; Homer
and Welch 198 1/WA:Rab).

Potential Importance to Function: Moderate.

Measure: Determination of whether a constriction is present or not.
Thresholds are arbitrary.

Directness of Measure: Moderate. Field measurement of cross-sectional
area of inlets and outlets, relative to wetland volume, is preferred.

12. Vegetation Class/Subclass (Primary)
(predictor for effectiveness)

Ranking: Wetlands with predominantly forested, scrub-shrub, floating vas-
cular aquatic bed, or persistent emergent vegetative cover are more likely to
remove or transform nutrients, whereas those with predominantly moss-lichen
cover are less likely to perform this function.

Rationale: Forested and scrub-shrub vegetation may retain nutrients on a
long-term basis in woody tissues. Wooded riparian wetlands have been shown
to be effective for nitrogen removal, primarily through denitrification (Kitch-
ens et al. 1975/SC:fo; Karr and Schlosser 1978/IL:R; Kuenzler et al. 1980/
NC:fo;Schlosser and Karr 198 la/IL:R,b/IL:fo; Todd et al. 1983/GA:fo; Yates
and Sheridan 1983/GA:P; Lowrance et al. 1984/GA:fo; Nessel and Bayley
1984/FL; Peterjohn and Correll 1984/MD:fo; Cooper et al. 1986/NC:fo; P-
Schnabel 1986; Ehrenfeld/NJ:P 1987).

Woody vegetation may also store nutrients seasonally because uptake is
greatest in spring and summer (Kitchens et al. 1975/SC:fo, Boyt et al.
1976/FL:P, Hickok et al. 1977/MN:P, Mitsch et al. 1977/IL:fo, Dierberg and
Brezonik 1978/FL:fo, Fritz and Helle 1978/FL:Pfo, Tilton and Kadlec
1979/MI:P, Lowrance et al. 1984/GA:fo). However, uptake is usually less
than for emergent vegetation and upland vegetation (Ehrenfeld 1987/NJ:P).
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Persistent woody vegetation in deeply flooded riverine wetlands offers fric-
tional resistance to water flow and retains nutrients via burial (see Predictor 12,
Section 3.5, for references). However, woody riverine wetlands that are frequent-
ly flooded usually support single-stemmed, widely spaced plants (Klimas
et al. 198 1/*fo, Ehrenfeld 1987/NJ:P), which are less effective for sediment
retention and nutrient removal.

Persistent emergent vf ;etation has higher value than nonpersistent emer-
gent vegetation because i, may have greater effects on subsurface retention
and may accumulate some nutrients on an annual basis in persistent tissues. Al-
though nonpersistent species may have a major effect during the growing
season (Whigham et al. 1986/MD:P), persistent vegetation probably binds
the sediment better, favoring nutrient retention by burial (Grant and Patrick
1970/PA:R, Reimold 1972, Banoub 1975/EU:Lem, Broome et al. 1975/NC:Eem,
Klopatek 1975/WI:Pem, Lee et al. 1975/*, Patrick and DeLaune 1976/LA:Eem,
Spangler et al. 1976/WI:R,P, Hickok et al. 1977/MN:P, Stevenson et al. 1977/
NJ:E, Dolan et al.1978/FL:Pem, Kibby 1978, Loucks and Watson 1978/WI:L,
Prentkd et al. 1978/WI:L, Simpson et al. 1978/*, Valiela et al. 1978/MA:Eem,
Tilton and Kadlec 1979/M1:P, MacCrimmon 1980/ONT:P, Odum and Smith
1981/*Ptem, Nichols 1983/*).

For nitrogen (ammonia) removal, bulrushes are better than common reed,
which is better than cattail (Seidel 1976/*, Gersberg et al. 1986/CA:Pem); how-
ever, cattail may be effective for seasonal phosphorus retention (Brown 1985).
Species with deep roots (30 cm) appear to be best, because they enhance deni-
trification by extensively oxidizing the sediments (Gersberg et al. 1986/CA:Pem,
Dunbabin et al. 1988). Denitrification rates are greatest to a depth of about
2 feet, with a decline in the rate below 3 inches (Brodrick et al. 1988).

Nonrooted aquatic bed vegetation derives its nutrients from the water col-
umn (Camfield 1977/em; Klopatek 1978/*Rem; Whigham et al. 1980/NJ:em,
1986),.as does epiphytic vegetation (van der Valk et al. 1979/*). Therefore,
nonrooted aquatic plants are important in short-term removal and/or transfor-
mation of nutrients, both from the water column and secondarily from the
sediment (Chen and Barko 1988/*ab). Submersed aquatic vegetation (e.g.,
Potamogeton) can support nutrient retention by flocculation, as a result of pH
increases associated with photosynthetic activity (Wetzel 1983/*). However,
submerged and floating-leaved aquatic bed vegetation can reduce physical
aeration (as quantified by Thyssen et al. 1983/*Rab); the resultant anoxic con-
ditions in underlying waters and sediments may favor release of phosphorus
(Morris and Barker 1977, Dahm et al. 1987). Submersed (e.g., eelgrass) and
floating-leaved (e.g., duckweed) aquatic bed vegetation generally is ineffective
for denitrification (the principal nitrogen removal mechanism in most wetlands)
because their roots do not penetrate and oxidize the underlying sediment (lizumi
et al. 1980).

Rooted aquatic bed vegetation (e.g., waterhyacinth) derives a major portion
of its nutrient requirements from the sediments (MacCrimmon 1980/ONT:P,
Reddy and Sutton 1984/FL:em). Nutrients are released to the water column
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when these plants die, and may be leached from living plants (Wolverton et al.
1976/Ml:P, Mudroch and Capobianco 1979, Tilton and Kadlec 1979/M1:P,
Barko and Smart 1980, Diaz et al. 1982/*E), thus offsetting retention as-
sociated with other processes (Barko and Smart 1983/L). Although rooted vas-
cular plants may help underlying sediments retain phosphorus by raising the
redox potential, this effect may be minor (Chen and Barko 1988/*ab).

Sphagnum moss generally grows in saturated, acidic conditions, which in-
hibit decomposition. Under such conditions nutrients, especially phosphorus,
can be stored at high concentrations (Hooper and Morris 1982/MI:P). How-
ever, because vegetational resistance to water flow rapidly diminishes when
vegetation is submersed, moss-lichen cover is ineffective at reducing water
velocity. Therefore, such vegetation usually does not cause sedimentation
and biological uptake of nutrients.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate. Loading rates, sediment
type, and detention time are also key factors.

Measure: Determination of dominant vegetation class or subclass occurring
in the wetland.

Directness of Measure: Low to moderate. Direct measure of sedimentation,
root morphology and density, redox potential, and other factors is preferred.

17. Vegetation Form Richness
(predictor for effectiveness)

Ranking: Wetlands with high vegetation form richness are more likely to
perform nutrient removal/transformation.

Rationale: As discussed for Predictor 12 (Vegetation Class/Subclass),
different vegetation forms are involved in the nutrient cycle in different ways.
For example, epiphytes (growing on submersed and emergent plants) and
free-floating plants take nutrients directly from the water, whereas emergent
species obtain nutrients primarily from the sediments. Rooted aquatic bed
vegetation derives nutrients from both sources (see Predictor 12 for references).
Thus, the greater the plant form richness, the more likely that at least one
group of plants will be able to utilize, and thus retain at least temporarily,
available nutrients (Whigham et al. 1986/MD:P).

Confidence in Ranking: Moderate.

Potential Importance to Function: Low. A homogeneous stand of one
highly effective species may be more effective for removal and transformation
of nutrients.
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Measure: Determination of the wetland's plant form richness.

Directness of Measure: Low.

21. Land Cover of the Watershed
(predictor for opportunity)

Ranking: Wetlands having watersheds with predominantly forest and scrub-
shrub cover are less likely to receive nutrients from upslope drainage, and there-
fore have less opportunity for nutrient removalWansformation than those with
watersheds dominated by impervious surfaces, agricultural fields, or exposed
soils.

Rationale: Forested watersheds usually have low nitrogen and phosphorus
loadings (Likens and Bormann 1974/*R, Yorke and Herb 1976/MD, Bormann
and Likens 1979/NH:R, Duda 1982/NC, Chang et al. 1983, Lowrance et al.
1984/GA:fo, Peterjohn and Correll 1984/MD:fo). Fertilization associated with
urban and agricultural runoff increases the nitrogen and phosphorus loading, as
does the presence of livestock (Jones et al. 1976/IA:Eem, Kuenzler and Craig
1986/NC,VA).

Sediment loss from watersheds with exposed soils is great (Wolman and
Schick 1967/MD:R, Yorke and Herb 1976/MD), and because nutrients can be
associated with sediment particles, nutrient loadings to wetlands can be high as
well when extensive watershed or bank erosion is occurring (Elder 1985/FL:fo).
Urbanization dramatically increases phosphorus loading, but has less of an effect
on nitrogen loading (Dillon and Rigler 1975, Loucks and Watson 1978/WI:L).
In North America, phosphorus loading from domestic sources is approximately
0.80 kg/person/year (Dillon and Rigler 1975). The following mean values
(kg/ha/year) are based on studies reviewed by Famworth et al. (1979):

Exported

Watershed Land Cover Total N Total P

Forest 3.10 0.10

Forest and pasture 4.70 0.28

Agricultural 10.60 0.18

Urban 6.70 4.80

Confidence in Ranking: Moderate to high.

Potential Importance to Function: Moderate to high. Proximity to source
and (in the case of phosphorus) watershed slope, shading, soil type, and geology
may be at least as important (Anderson 1974; Fannin et al. 1985/WY; Prairie
and Kalff 1988ab/QUE:R). However, proportionate coverage may be a better
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indicator than proximity, at least in small watersheds (10 to 20 square miles)
(Omernik et al. 1981). Also, atmospheric deposition in some regions may be a
more important source of nutrients than direct runoff (Correll and Ford 1982/
MD:E).

Measure: Determination of the watershed's dominant land cover type.

Directness of Measure: Moderate to high.

23. Ditches/Canals/Channelization/Levees
(predictor for effectiveness)

Ranking: Wetlands with channelized distributaries or other modifications
that cause surface water to leave at a faster rate than normally would occur are
less likely to remove and/or transform nutrients than those without such
modifications.

Rationale: Accelerated transport of waters away firom the wetland offers less
potential for sediment deposition or nutrient assimilation before flow leaves the
wetland. Watersheds with large drainage densities (length of ditches per unit
area) have shorter detention times (e.g., 2.2 days versus 4.5 days for undrained
areas, Bedient et al. 1976/FL). Watersheds drained by agricultural ditches, and
those that have less than 7 percent remaining wetlands, are appreciably less ef-
fective for removing nutrients than are those with more extensive wetlands
(Bedient et al. 1976/FL, Chescheir et al. 1987/NC:Pem). See also Predictor 41.

Ditching may also accelerate nutrient release by increasing soil erosion (Craig
et al. 1980/LA:Eem), causing soil subsidence and oxidation, encouraging land
uses (e.g., cropland) that cause large nutrient loadings, and shortcutting the
natural flow paths and thus reducing processing times (Kadlec and Tilton 1979/*,
Tilton and Kadlec 1979/MI:P).

Confidence in Ranking: Moderate to high.

Potential Importance to Function: Moderate.

Measure: Determination of the presence of ditches, canals, levees, or
similar artificial features that cause surface water to leave at a faster rate than
if such features were not present.

Directness of Measure: Low to moderate.

24. Soils (predictor for effectiveness)

Ranking: Wetlands with predominantly fine mineral sediments (e.g., al-
fisols, clays) or those with sediments containing high levels of aluminum or
iron are more likely to remove or transform nutrients, especially phosphorus.
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Rationale: Nutrients can enter sediments (and thus be removed at least tem-
porarily) either directly or by complexing with dissolved or suspended particu-
late matter and precipitating (Darnell et al. 1976/*, Windom 1977). Ferric
iron, manganese, zinc, copper, and aluminum can complex with and remove phos-
phorus (Windom 1977). This complexing process depends on the pH, the concen-
tration and types of these cations, and the concentration of phosphates, organic
compounds, and sulfates (Farnworth et al. 1979/*). The phosphorus adsorption
capacity of wetlands, and hence probably their long-term nutrient assimilative
capacity, can best be predicted by the oxalate-extractable aluminum content of
their sediments (Richardson 1985/PR). Mineral soils, because of their usually
higher concentrations of aluminum, typically have much higher capacities to
retain phosphorus (Richardson 1985/P,R). Organic and clay particles may also
remove nitrogen and/or phosphorus from the water column (Klopatek 1978/*Rem),
but additional retention occurs only until adsorption sites are saturated.

Confidence in Ranking: Moderate. Phosphorus removal via burial may
occur only minimally if incoming suspended sediments are mainly clay, as such
finer particles settle slowly (if at all).

Potential Importance to Function: Moderate.

Measure: Determination of whether the wetland has primarily fine mineral
soils or if the wetland's sediments have elevated concentrations of aluminum
or iron. The 4,000 mg/kg threshold is inferred from Richardson (1985/P,R).

Directness of Measure: Low. Direct measurement of oxalate-extractable
(amorphous) aluminum is strongly preferred.

26. Nutrient Sources (predictor
for effectiveness and opportunity)

Ranking: Wetlands that receive major drainage from nutrient-rich sources
such as sewage outfalls, phosphate mines, feedlots, pastureland, landfills,
eroding streambanks, fertilized soils, or soils that have been tilled, burned, or
recently cleared have a greater opportunity for nutrient removal/transformation
than those without such sources. For effectiveness, a variation of this predic-
tor is used as a classification variable rather than a determinant (i.e., if sheet
flow is the primary nutrient source, one set of criteria apply, whereas another
set is used if channel flow is the primary nutrient source).

Rationale: By definition, presence of nutrient-rich sources of surface
water provides opportunity for nutrient removal and/or transformation.

Confidence in Ranking: Moderate to high (opportunity); not applicable
(effectiveness).

Potential Importance to Process: High (opportunity); not applicable
(effectiveness). See Predictor 21.
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Measure: Documentation of potential nutrient sources such as sewage
outfalls, phosphate mines, tile drains, canals, feedlots, landfills, septic fields,
fertilized soils, tilled soils, etc. The threshold given for numbers of houses or
people within the impact zone is from Nichols (1983/*).

Directness of Measure: Low. Direct measurement of nutrient levels or
(better yet) their biotic effects is preferable to assuming presence based on
stereotypical sources. If sources are assumed, then coincidence with periods
of maximum runoff should be considered, since some sources are associated
only with seasonally intermittent activities (Shahane 1982). Models for quan-
tifying the transport of nutrients to water bodies are widely available (see
review by Westerdahl et al. 198 1/*L).

28. Direct Alteration (predictor for effectiveness)

Ranking: Wetlands that have been tilled, filled, or excavated, or those that
have had an outlet added or an inlet blocked, are less likely to remove and/or trans-
form nutrients.

Rationale: Direct alterations that reduce the wetland's ability to receive or
hold water (and as a result the sediments and nutrients carried by it), or those
that alter wetland hydroperiods, disturb sediments, or destroy vegetation that
otherwise enhances nutrient retention, will often negatively impact the ability
of a flowing-water wetland to retain and/or transform nutrients.

Confidence in Ranking: Moderate. Nutrient retention in newly created
wetlands may initially be greater than in old ones due to higher mineral con-
tent of the sediment and possibly greater sedimentation rates.

Potential Importance to Function: High.

Measure: Documentation of direct alterations such as tillage, excavation,
filling, addition of an outlet, or blockage of an inleL

Directness of Measure: Low. The effects of location, size, and type of al-
teration must also be considered.

33. Most Permanent Hydroperiod
(predictor for effectiveness)

Ranking: Wetlands with nontidal areas that are permanently flooded or
saturated, or tidal areas that are irregularly exposed or irregularly flooded, are
more likely to perform nutrient removal/transformation.

Rationale: Wetlands with constantly (or nearly constantly) saturated sub-
strates tend to retain nutrients, partly because the rate of oxygen diffusion into
constantly saturated soils is slow (Bella et al. 1972/OR:E, Reddy and Patrick
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1975/FL). These conditions usually favor phosphorus retention (e.g., Wolaver
and Spurrier 1988b/SC:Eem) because (1) constantly saturated soils are typically
anoxic except for a thin layer at the water-sediment or water-air interface,
(2) the rate of decomposition (nutrient release) is lower under anaerobic than
under aerobic conditions (Cook and Powers 1958/NY:Pem; Hickok et al. 1977/
MN:P; Gallagher 1978/*; Gosselink and Turner 1978/*; Klopatek 1978/*Rem;
Kadlec and Kadlec 1979/*; Mathias and Barica 1980; Phillips 1980/*Eab;
McKee and Seneca 1982/NC:Eem; Diaz et al. 1982*E; Hsieh and Weber 1984),
and (3) sediment retention, and thus phosphorus retention, can be greater in ir-
regularly exposed or subtidal areas (Stevenson et al. 1988).

Under these conditions, ammonium may accumulate and be released to
overlying waters, resulting in net loss of nitrogen from the wetland (Klopatek
1978/*Rem). However, some oxidation of the sediments, either by turbulent
mixing, drawdown, or plant roots, is essential for optimal nitrogen removal
(Bowmer 1987/AU:P).

The close association of anaerobic and aerobic conditions at the surface of
saturated sediments, as well as rapid fluctuations between anaerobic and aerobic
conditions (e.g., tidal and floodplain wetlands), also favors nitrogen removal
(Engler and Patrick 1974/LA; Reddy and Patrick 1975/FL,1976/FL; Tilton and
Schwegler 1978/*; Heliotis and DeWitt 1983/M1:P, Bowden 1984/MA:tem).
Sustained drawdowns do not always enhance nitrogen release (Brinson et al. 1983/
NC:fo, 1984; Verry 1986/*). Nutrient retention is often greatest at the horizontal
edge that separates surface waters from saturated soils that are not inundated (Karr
and Schlosser 1977/*, DeLaune et al. 1978/LA:Eem, Livingston 1979/*).

Fluctuations and drawdowns usually do not benefit phosphorous retention.
During periods of periodic flooding (drying and rewetting), phosphorus ad-
sorption by wetlands is lessened (Nichols 1983/*) and enhanced decomposi-
tion and oxidation lead to phosphorus release, particularly in nonclay soils
(Cook and Powers 1958/NY:Pem; Correll 1978/*E; Crow and MacDonald
1978/*; Klopatek 1978; van der Valk et al. 1979/*; Beauchamp and Kerekes
1980/NB:P; Day et al. 1980/LA:fo, 198 1/*fo; Brinson et al. 198 la/*fo; Yarbro
1983/NC:fo; Dahm et al. 1987; Schoenberg and Oliver 1988/GA:Pab). Seasonal
inundation of sediments frequently (but not inevitably, see Kadlec 1986/*)
mobilizes sediment nutrients and makes them available for export.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate to high. Vegetation type,
which is largely determined by hydroperiod, also may have a major role in
nutrient cycling, particularly in eutrophic wetlands. Redox potential, and thus
nutrient mobilization potential, may increase with marsh surface elevation
(Bertness and Ellison 1987/RI:Eem).

Measure: Determination of the wetland's most permanent hydroperiod.

Directness of Measure: Low to moderate.
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36. Vegetated Width (predictor for effectiveness)

Ranking: Wetlands with wide stands of vegetation (primarily emergent or
woody) are more likely to remove/transform nutrients.

Rationale: Extensive stands of vegetation offer frictional resistance to water
flow, thus enhancing nutrient removal by sedimentation and burial (see Predictor
12). Nutrient retention is usually greatest in shallow depths (especially 1.2 to
3.0 m) where wetland vegetation typically prevails. Wetlands with length-to-
width ratios greater than 3.0 (parallel to flow) are more likely to remove nutrients
(Knight 1987). Forested riparian areas commonly intercept and retain subsur-
face, nonpoint nitrogen within distances of 40 to 50 feet (Cooper et al. 1986).
Average distances required in natural wetlands for 50-percent removal of
domestic wastewater nutrients range from 200 to 2,000 feet, with an average
of about 600 feet (Kadlec 1987/*). Distances of 3,700 to 7,600 feet were as-
sociated with residence times of 15 to 75 hours in one wetland having a width of
4,900 feet and slope of 0.015 percent (Chescheir et al. 1987/NC:Pem).

Confidence in Ranking: High.

Potential Importance to Function: Moderate. The vegetation type, soil
type, gradient, and diffusion pattern are also important and interact with wet-
land width. In watersheds with sandy soils, wetland vegetation must be located
very close to the nutrient source (or have long roots) in order to play a major role
in nitrogen removal (Ehrenfeld 1987/NJ:P).

Measure: Determination of the average width of emergent, scrub-shrub,
or forest vegetation in the wetland.

Directness of Measure: Low. The proportionate width (i.e., vegetation
width relative to open-channel width) may be a better indicator.

41. Velocity (spatially dominant)
(predictor for effectiveness)

Ranking: Wetlands with low flow velocities are more likely to remove
and/or transform nutrients than are those with high flow velocities.

Rationale: The slower the flow velocity, the more likely nutrients will be
retained by sedimentation and burial (for references, see Predictor 12).
Moreover, longer residence times associated with slower currents favor nutrient-
removing processes such as denitrification (Mulhoiland 198 1/NC:fo). Retention
times of at least 5 days are preferred for pretreated and nonpoint wastes, although
retention of untreated wastes for 20 to 40 days is commonly suggested (e.g.,
Bedient et al. 1976/FL).

Confidence in Ranking: Moderate. Nutrient uptake and storage by some
plants may be greater in flowing water than in standing water (Prescott
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1968/*ab, Brown et al. 1979/*fo), but this seems generally untrue (Brown and
Peterson 1983/IL:fo).

Potential Importance to Function: High.

Measure: Determination of the water velocity throughout most of the wet-
land during annual peak flow.

Directness of Measure: Moderate. Detention time is a better measure.

56. Dissolved Solids or Alkalinity
(predictor for effectiveness)

Ranking: Wetlands having waters with low alkalinity levels (less than
20 mg/l calcium carbonate (CaCO3)) are less likely to remove or transform
nutrients.

Rationale: Phosphates can be precipitated with calcium, which is as-
sociated with alkaline conditions (Lee et al. 1975/*, Fetter et al.
1978/WI:Pem, Nichols 1983/*). This ranking does not apply to nitrogen.

Confidence in Ranking: Moderate. Alkaline waters may also indicate

near-saturation conditions for phosphorus.

Potential Importance to Function: Moderate.

Measure: Determination of alkalinity (CaCO3) levels in the wetland's
waters.

Directness of Measure: Moderate.

3.7 Production Export

1. Climate

Ranking: Wetlands located in intense storm regions or those with erosive
rainfall are more likely to export production.

Rationale: Heavy rainfall, wind, and tides associated with intense storms can
move large quantities of organic matter from wetlands into downstream water
bodies. Storms can produce tidal surges and large waves in coastal wetlands, ex-
pand flooding, and thus increase the export of production (Nixon and Oviatt
1973/RI:Eem; Pickral and Odum 1977/VA:E; Livingston and Loucks 1979/*;
Odum et al. 1979/*Eem; Odum 1980/*Eem; Hackney and Bishop 198 1/MS:Eem;
Casey and Fan" 1982/UK:R; Elder and Mattraw 1982FL:fo; Verhoffet al. 1982,
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Borey et al. 1983/rX:Eem; Simenstad 1983/*E; Tate and Meyer 1983/GA:R,
Livingston 1984/*FL:E; Mattraw and Elder 1984/FL:fo; McPherson and Son-
ntag 1984/FL:E; Thayer et al. 1984/*Eab; Wolaver et al. 1984/SC:E, 1988; Nixon
1988/*L,E,M).

Confidence in Ranking: Low. Storms may also cause prolonged reduc-

tion in production due to scouring of plants, plant propagules, and animals.

Potential Importance to Function: Moderate.

Measure: Determination of whether the wetland is located.in an intense
storm region, or if it has a rainfall erosivity factor greater than 300. The
thresholds used for this predictor are arbitrary.

Directness of Measure: Low.

2. Acreage

Ranking: Larger wetlands are more likely to export production.

Rationale: Total production is higher in large wetlands (although not
necessarily on a per unit area basis). Thus, more production is available for
export. Productivity of lacustrine wetlands can be estimated from data on
lake size, mean depth, and nitrogen concentration, using the empirical equa-
tions of Smith and Wallsten (1986).

Confidence in Ranking: Low. Some empirical analyses indicate that
larger lakes have less wetland production per unit area, at least in the case of
submersed aquatic plants (Duarte et al. 1986).

Potential Importance to Function: Moderate.

Measure: Determination of the surface area of the wetland and any wet-
lands within 1 mile that are connected by surface water. The 5-acre threshold
is arbitrary.

Directness of Measure: Low.

4. Wetland Location, Size of Watershed

Ranking: Wetlands with large watersheds are more likely to export production.

Rationale: Wetlands with proportionately large watersheds (at least up to
about stream order 5) tend to be more productive in some regions (Moulton
1970/MA, Naiman and Sedell 1979, Welcomme 1979/*). Also, the larger a
wetland's watershed, the greater the runoff (Fetter 1980/*), the more likely the
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wetland is to be flushed by flood waters, and thus the greater the likelihood of
substantial production being exported.

Contidence in Ranking: Low. Small watersheds, because they are more
numerous, may be just as important on a cumulative basis. The dynamic water
levels that often characterize isolated wetlands in headwater areas may result
in increased nutrient mobilization and perhaps export (Dunne and Leopold
1978, Odum et al. 1978/*FL). The usual desynchronization of export from
headwater watersheds may result in more diversified downstream food chains.
In lower stream reaches. considerable production may be buried in infrequently
flooded, off-channel wetlands typical of the usually flatter downstream terrain.

Potential Importance to Function: Moderate.

Measure: Determination of the wetland's watershed area. The thresholds
for this predictor are arbitrary.

Directness of Measure: Low.

5. Wetland/Watershed Area Ratio

Ranking: Wetlands that comprise a large portion of their watershed are
more likely to export significant quantities of their production downstream.

Rationale: The larger a wetland, the greater its role (relative to other po-
tential sources of production in a given landscape) for exporting production.

Confidence in Ranking: Low. Proportionately large wetlands may
mediate runoff surges that otherwise could help export production firom wet-
lands further downstream. They may also experience proportionately greater inter-
nal cycling (as opposed to export) of their production.

Potential Importance to Function: Low.

Measure: Determination of the ratio of wetland to watershed area. The
20-percent threshold is arbitrary.

Directness of Measure: Low.

7. Gradient

Ranking: Wetlands with steep gradients are more likely to export produc-
tion than are those with gradual gradients.

Rationale: The steeper the gradient, the greater the flow velocity and the
greater the potential for export. At least in the case of forested wetlands, pri-
mary productivity may-also be greater in flowing than stagnant waters (Heinselman

1 Prediction of Wetland Effectiveness and Opportunity WES TR WRP-DE-2, October 1991



3.7 Production Export Chapter 3.0

1970/MN:P; Hynes 1970/*R; Conner and Day 1976/LA:fo; Gosselink and
Turner 1978/*; Odum 1978/*FL,1979, 1981; Brown et al. 1979/*fo; Fredrick-
son 1979=MO:fo; Balling et al. 1980/CA:Eem; Day et al. 1980/LA:fo; Men-
delssohn and Seneca 1980/NC:Eem; Phillips 1980/*Eab; Brown 198 1/FL:Pfo;
Homer and Welch 198 1/WA:Rab). Thus, the potential for production export
may be greater. Primary productivity, for example, can be 40 percent greater in
flowing versus still waters (Brown et al. 19791*fo).

Confidence in Ranking: Moderate to high. High flow velocities can
physically damage plants, thus reducing productivity. In these cases, reduced
stream gradient may enhance productivity (Minshall et al. 1983/PA,OR,IL:R).
See also Predictor 41 - Velocity (spatially dominant).

Potential Importance to Function: Moderate. Lower gradients are likelier
to support more extensive stands of wetland vegetation. Seasonal peak biomass
of lacustrine submersed aquatic plants can be predicted from gradient, using
equations of Duarte and Kalff (1986) and Duarte et al. (1986).

Measure: Determination of channel gradients from topographic maps.

Soundness of Measure: Moderate.

8. Inlets, Outlets

Ranking: Wetlands with outlets are more likely to export their production
than those without outlets.

Rationale: Production normally cannot be efficiently transported out of
wetlands unless there is at least an intermittent connection to other areas (Odum
and Heald 1975/*Efo). Presence of an inlet as well as an outlet suggests bet-
ter flushing, and thus, at least in the case of some forested wetlands, higher
production (Brown and Lugo 1982/fo). In cool regions, flow-through wetlands
generally have more dynamic water levels than isolated wetlands; nutrient
mobilization and export are thus likely to be greater. Rushing may also prevent
buildup of toxic conditions (e.g., excessive peat accumulation in cool climates,
excessive salinity in potholes, excessive sulfide buildup in salt marshes (e.g.,
Portnoy et al. 1987/M:Eem), which could limit production and consequently
its export.

Confidence in Ranking: Moderate to high. Some production in isolated
wetlands can be exported by living animals (e.g., emerging7 insects, migrant
birds). Primary productivity differences between natural and semi-impounded
salt marshes can be only minor, although the form and timing of exported
production may differ (McKellar et al. 1987/SC:EP). Prolonged inundation
can limit production in forested wetlands.

Potential Importance to Function: High.
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Measure: Determination of inlets and outlets for surface water flow.

Directness of Measure: High.

10. Wetland System

Wetland system is used in the interpretation keys as a classification variable
rather than a predictor. It is used to separate wetland types prior to further
analyses.

11. Fringe Wetland or Island

Ranking: Fringe wetlands are more likely to export their production than are
nonfringe wetlands.

Rationale: Because fringe wetlands occur along a channel or adjacent to a
standing body of water, such wetlands readily convey material to downstream
areas. When fringe wetlands are inundated during flooding events or by tidal ac-
tion, production can be exported to adjacent bodies of water by receding waters or
ebb tides, respectively (e.g., Hackney and Bishop 1981/MS:Eem).

Confidence in Ranking: High.

Potential Importance to Function: Moderate. Fringe wetlands may
have less production available for export, as a result of stress from winds, cur-
rents, and ice scouring which removes propagules before plants can become
established.

Measure: Determination of whether the wetland is a fringe wetland.

Directness of Measure: Moderate.

12. Vegetation Class/Subclass (Primary)

Ranking: Wetlands dominated by moss-lichen vegetation are less likely to
export production. Of the remaining vegetation classes, areas dominated by
forest and scrub-shrub vegetation are less likely to have large amounts of produc-
tion available for export than are those dominated by emergent or aquatic bed
vegetation.

Rationale: In nontidal systems, emergent and nonrooted aquatic bed species
are generally more productive than species of other vegetation classes
(Pomeroy and Wiegert 1981, Nixon 1982/*Eem, Teal 1986/*). Aquatic bed
vegetation can benefit production export by transferring nutrients from the
sediment to the water column. It usually decomposes more rapidly than emergent
vegetation (Findlay and Tenore 1982/Eem) and may be more nutritious (see
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Section 3.8, Predictor 12, for discussion and references pertaining to the rela-
tive utilization of different types of wetland plants).

Wetlands with woody vegetation usually have lower primary productivity
than nonwooded wetlands (Brinson et al. 198 la/*fo), and their detritus may
decompose more slowly. Moss-lichen wetlands (except those which are
riverine, see Naiman 1983/QUE:R) are usually the least productive of
vegetated wetlands and less important to nutrient cycling because acidity and
associated conditions inhibit decomposition (Heinselman 1970/MN:P, Small
1972/P) and plant growth (Richardson et al. 1978/MI:Pem).

Open water, even if defined as wetlands, is likely to have lower net annual
primary productivity than vegetated areas, and as a result, lower potential for
production export. However, less visible benthic microalgae and phytoplankton
which typify these areas can be very productive (Nixon 1980/*).

In tidal systems, aquatic bed species can be at least as productive as emer-
gent species (Bach et al. 1986/NC:Eab) and are generally more productive
than their freshwater counterparts (Stevenson 1988/*ab). Tidal scrub-shrub
species (e.g., mangroves) can be more important exporters of detritus than
their freshwater counterparts, the riverine swamps (Lugo et al. 1988/*fo).
Tables that catalog available productivity estimates of wetland plants are
given in Adamus and Stockwell (1983/*).

Confidence in Ranking: Moderate. Montane bogs (moss-lichen wet-
lands) with outlets can be locally important exporters of detritus (Erman and
Chouteau 1979/CA:R). Forested floodplain wetlands in some watersheds may
be effective in exporting their production (e.g., 13 g C/m2/year; Mattraw and
Elder 1984/FL:fo, Lambou 1985/LA:fo).

Potential Importance to Function: High. In some riverine systems,
vegetation type is more important than stream size or position in determining
the amount, timing, and quality of available production (Sidle 1986). How-
ever, the total amount of detritus may be more important (for supporting con-
sumers) than its type (Culp and Davies 1985/BC:R).

Measure: Determination of dominant vegetation class and subclass.

Directness of Measure: Low. Direct measurements of community produc-
tion and its export are preferred.

13. Vegetation Class/Subclass (Secondary)

Ranking: Wetlands in which emergent vegetation and aquatic beds occupy
much of the total wetland area are more likely to have considerable production
available for export.

Rationale: See Predictor 12 above.
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Confidence in Ranking: Moderate.

Potential Importance to Function: High.

Measure: Determination of vegetation classes and subclasses that occupy
at least 1 acre or 10 percent of the wetland. The 1-acre and 10-percent thresholds
are arbitrary.

Directness of Measure: Low.

15. Vegetation/Water Interspersion

The influence of vegetation-water interspersion as a predictor for wetland
functions depends upon two factors: (1) vegetation interspersion and
(2) whether water flows through the wetland as sheet or channel flow. As a
result, vegetation-water interspersion is defimed with two predictors.

15.1 Vegetation Interspersion

Ranking: Wetlands with a high degree of vegetation-water interspersion are
more likely to export their production than those with very sparse or extremely
dense vegetation.

Rationale: Low production is typically evidenced by very low vegetation
density. Sparse vegetation may also be incapable of retaining much drifting or-
ganic matter, which is vital as a shelter and food source for mosi invertebrates
(Anderson and Sedell 1979). Very dense vegetation may impede water circula-
tion, reducing the dispersal and export of food sources. Also, shading from dense
stands of emergent vegetation can limit the productivity of potentially important
benthic algae (Zedler et al. 1980/CA:Eem).

Confidence in Ranking: Moderate. Small pools within an emerget wetland
may be depressional and thus trap organic matter rather than allowing sustained
export (Borey et al. 1983/f'X:Eem). Sparse vegetation may merely reflect exces-
sive shading by algae (Steward and Omes 1975/FL, Phillips et al. 1978, Davis
and Brinson 1980/*ab, Phillips 1980/*Eab, Niemeier and Hubert 1986/IA:L),
rather than reduced wetland production.

Potential Importance to Function: Moderate.

Measure: Determination of relative interspersion of vegetation and water.

Directness of Measure: Low.
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15.2 Sheet Versus Channel Flow

Ranking: Wetlands in which flow occurs mostly as sheet flow are more likely
to export their production than are those with predominantly channel flow.

Rationale: The greater the degree of contact between vegetation and moving
water, the greater the potential for production export (Nelson and Kadlec 1984/
*Pem). Nitrogen fixation, which can result in increased nitrogen available for
export, is generally highest at the vegetation-open water interface (Phillips
1984/*Eab).

Confidence in Ranking: Moderate.

Potential Importance to Function: High.

Measure: Determination of the type of flow occurring in the wetland.

Directness of Measure: Low to moderate.

19. Fetch/Exposure

Ranking: Wetlands that are moderately sheltered are more likely to export
production than are those that are well sheltered or extremely exposed.

Rationale: Within limits, the greater the fetch, the greater the wave ener-
gy, vertical mixing, and potential export of organic materials and associated
nutrients (Gallagher 1978/*, Gosselink and Turner 1978/*, Knutson et al.
1982/VA:Eem, Nelson and Kadlec 1984/*Pem). Up to 25 percent of eelgrass
detritr s in open water is exported, but in sheltered areas, over 90 percent
remains within the bed or is exported only a short distance to surrounding mar-
shes and beaches (Thayer et al. 1978/*Eab).

Moderate wave energy also incr.,ises productivity of some plants (Tiner
1981, Topinka et al. 1981/ME:E,M), and thus the amount of food exported and
potentially available (see Section 3.5 for quantification). Phytoplankton growth
and chlorophyll-a concentrations are higher in moderately vegetated wetlands
than in open, exposed situations (Rabe and Gibson 1984/Lab). Excessive
fetch, by supporting the continual mixing and replenishment of water column
nutrients, could favor algal growth at the expense of vascular plant growth.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of fetch and the area sheltered by vegetation or
topographic relief.

Directness of Measure: Low.

WES TR WRP-DE-2, October 1991 Prediction of Wetland Effectiveness and Opportunity 143



Chapter 3.0 3.7 Production Export

22. Flow, Gradient, Deposition

Ranking: Wetlands that have flows sufficient to moderately or seasonally
scour the wetland are more likely to export their production than are those that
are either not scoured or are severely scoured.

Rationale: The potential for production export increases with increasing
flow velocities (Heinle and Flemer 1976, Mulholland 1981/NC:fo). Scouring
physically removes and exports accumulated nutrients. Occasional scouring
may also thin stands of wetland plants, thus enhancing circulation, reproductive
vigor, and productivity. However, severe and frequent scouring can denude
wetlands for long periods, resulting in decreased production, and consequently
decreased production export.

Confidence in Ranking: Low.

Potential Importance to Function: High.

Measure: Determination of whether scouring is present or if the potential
for scouring exists (flow present).

Directness of Measure: Low.

28. Direct Alteration

Ranking: Unaltered wetlands are more likely to have greater production
and more useful export regimes than are those altered by tilling, filling, excava-
tion, adding outlets, or blocking inlets.

Rationale: Tilling, filling, or excavating wetlands removes and buries wet-
land vegetation, and thus precludes or decreases production export. Adding an
outlet where none previously existed and blocking an inlet can diminish the fre-
quency and duration of wedand flooding and can cause toxic levels of sulfide
(King et al. 1982/GA:Eem). Production and its export may consequently be
less (Odum et al. 1979/*Eem). The 3-year period is arbitrary.

Confidence in Ranking: Moderate. The effect depends also on the type
and extent of activity, how the alteration was accomplished, wetland type, and
other factors.

Potential Importance to Function: Moderate.

Measure: Deternination of whether the wetland has been tilled, filled, or
excavated in the past 3 years or if an outlet has been added or an inlet has
been blocked.

Directness of Measure: Low.
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31. Water/Vegetation Proportions

Ranking: Estuarine, marine, palustrine, or lacustrine wetlands with at least
10 percent of their total area covered by visible, standing, surface water are
more likely to export production. Riverine wetlands in which the area of
aquatic bed vegetation is larger than the unvegetated submerged areas are
more likely to export production.

Rationale: Since production is exported from wetlands by water, wetland
vegetation must be flooded to effectively export above-ground production
(Nelson and Kadlec 1984/*Pem).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of what percentage of the wetland is covered by
standing water. The 10-percent threshold is arbitrary. If the wetland is riverine,
determination of whether the area of submerged vegetation is larger than open-
water areas.

Directness of Measure: Moderate.

34. Water Level Control

Ranking: Wetlands without artificial water control structures are more
likely to export production than are those with such structures.

Rationale: Water level control structures can reduce discharge and the
flooding frequency of downstream wetlands, and thus decrease production export
(Kondratieff and Simmons 1984, Voshell and Parker 1985/VA:R, Perry and
Sheldon 1986/MT:L,R). Water control structures that reduce water flow
through wetlands can decrease productivity or even kill vegetation (Quennerstadt
1958, Lantz et al. 1967/LA:ab, Conner and Day 1976/LA:fo, Sklar and Conner
1979/LA:fo, Wright and Szluha 1980, Odum 1981/*, Klimas 1987/rX:Lfo).

Confidence in Ranking: Low. The effect depends on the particular type of

control structure, its proximity, volume of flow intercepted, and other factors.

Potential Importance to Function: Moderate.

Measure: Documentation of the existence of an artificial control structure
that influences the wetland's hydrology.

Directness of Measure: Moderate.
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35. Flooding Extent and Duration

Ranking: Wetlands where the extent and duration of flooding are inter-
mediate are more likely to export production.

Rationale: Seasonal flooding enhances the decomposition and export of
detritus (Bums 1978/FL:fo, Frederickson 1979/MO:fo, Mattraw and Elder
1984/FL:fo, Lambou 1985/LA:fo) and increases the access of consumer or-
ganisms to this potential food source, thus further enhancing its dispersal.
Also, the productivity of forested and emergent wetlands is often greater where
they are seasonally flooded rather than permanently flooded or flooded for long
periods (Broadfoot and Williston 1973; Chapman 1976/*E; Bums 1978/FL:fo;
Fredrickson 1979/MO:fo, Odum 1979/*fo, 1981; Day et al. 1980/LA:fo; Hook
1984). Increased decomposition of leaf litter can be associated with longer dura-
tions of inundation (Cuffney 1988, Gurtz and Tate 1988). Although the rela-
tively dry portions of wetlands are often most productive (e.g., Elder and
Cairns 1982/FL:fo, Cuffney 1988), their production is less susceptible to
being exported (Cuffney 1988).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate to high.

Measure: Determination of the extent and duration of flooding in relation
to threshold levels. Threshold levels are from US Army Corps of Engineers
(1980) and are arbitrary.

Directness of Measure: Low to moderate.

36. Vegetated Width

Ranking: Wetlands in which the average width of the area dominated by
emergent, scrub-shrub or forested vegetation is greater than 20 feet are more
likely to export production than those with vegetated widths less than 20 feet.

Rationale: Wider wetlands have more production available for potential
export.

Confidence in Ranking: Moderate. Production per unit area is not neces-

sarily greater in wide wetlands (see Predictor 2).

Potential Importance to Function: Moderate.

Measure: Determination of the width of the area dominated by emergent,
scrub-shrub, or forested vegetation in the wetland. The 20-foot threshold for
width is arbitrary.
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Directness of Measure: Low. Proportionate width (rather than absolute
width) may be a better indicator.

41. Velocity (spatially dominant)

Ranking: Wetlands in which flow is moderate are more likely to have use-
ful regimes for exporting production than those in which flow is either slow or
very rapid.

Rationale: Within limits, the potential for production export increases with
increasing flow velocities (Silberhorn et al. 1974/VA:Eem, Heinle and Flemer
1976, Gosselink and Turner 1978/*, Odum 1980/*Eem, Mulholland 1981/NC:fo).
Primary productivity and decomposition rates are usually higher in wetlands
with flowing waters (Heinselman 1970/MN:P; Hynes 1970/*R; Chapman
1976/*E; Conner and Day 1976/LA:fo; Odum 1978/*fo,1979/*fo; Gosselink
and Turner 1978/*; Brown et al. 1979/*fo; Fredrickson 1979/MO:fo; Balling
et al. 1980/CA:Eem; Day et al. 1980/LA:fo; Mendelssohn and Seneca
1980/NC:Eem; Phillips 1980/*Eab; Brown 1981/FL:Pfo; Phillips 1984/*Eab),
thus increasing the potential for production export. For example, Brown et al.
(1979/*fo) found that net primary productivity was 40 percent greater in wet-
lands with flowing waters as compared to those with stagnant waters. Ex-
treme flow velocities stress plants, both physically and by reducing light
through suspension of sediments (Hynes 1970/*R, Chapman 1976/*E,1977/*E;
Davis and Brinson 1980/*ab, Phillips 1980/*Eab, Topinka et al. 198 1/ME:E,M).
Eelgrass, an aquatic bed species, can withstand a maximum velocity of about

4.9 fps (Fonseca et al. 1983IRI,NC:ab) and has a maximum standing crop at
about 1.5 fps (Zieman 1982/*FL:ab).

Confidence in Ranking: High.

Potential Importance to Function: Moderate.

Measure: Determination of the water velocity throughout most of the wet-
land during annual peak flow.

Directness of Measure: Low to moderate.

45. Substrate Type (spatially dominant)

Ranking: Wetlands containing a substrate type other than sand are more
likely to export production.

Rationale: Primary productivity is usually low on sand (and sometimes cob-
ble-gravel) substrates because of low nutrient availability and instability
(Harms 1973/FL:fo; Chapman 1976/*E,1977/*E).
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Confidence in Ranking: Low to moderate. Tidal sand substrates can have
exceptional primary productivity rates, particularly if irregularly exposed (Shaffer
1988/LA:Eab), as well as high macroinvertebrate densities (Franz and Harris
1988/NY:E).

Potential Importance to Function: Moderate to high.

Measure: Determination of the dominant surface substrate in the wetland.

Directness of Measure: Low.

47. pH

Ranking: Wetlands where the pH is circumneutral (6.0 to 8.5) are more likely
to support substantial production than are those with more acidic or alkaline
pH values.

Rationale: Productivity of wetland vascular plants is greatest at circum-
neutral pH, and as a result, more material is available for export (Heinselman
1970/MN:P, Small 1972/P). The rate of decomposition is low under acidic
conditions (Heinselman 1970/MN:P, Chamie and Richardson 197 8/*p, Murray
and Hodson 1984/GA:P), and lower pH generally results in impoverishment
of fauna, especially fish, with consequent reduction in the ability to disperse
or cycle any production. Higher pH (within the circumneutral range) general-
ly results in better buffering and higher productivity (Cook and Powers
1958/NY:Pem).

Confidence in Ranking: High.

Potential Importance to Function: Moderate.

Measure: Determination of the pH of the water in the wetland.

Soundness of Measure: Low to moderate.

51. Plant Productivity

Ranking: Wetlands with high primary productivity are more likely to ex-
port production.

Rationale: The greater the productivity, the greater the amount of organic
matter potentially available for export.

Confidence in Ranking: High.

Potential Importance to Function: Moderate to high. Flushing action
and its timing are at least as important.
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Measure: Determination of the net annual above-ground.productivity.

Directness of Measure: High.

55. Suspended Solids

Ranking: Wetlands having lower suspended solids concentrations are more
likely to support sufficient production for eventual export.

Rationale: Turbidity reduces light penetration and consequently primary
productivity, at least among algae and submersed aquatic bed species (Strawn
1961/FL:Mab, Odum 1963/TX:Eab, Hart and Fuller 1972/MD:E, Thayer et al.
1975/*Eab, McNabb 1976/*ab, Peterson and Peterson 1979/*NC:E, Davis and
Brinson 1980/*ab, Phillips 1980/*Eab, Diaz et al. 1982/*E, Duarte et al. 1986).

A 25 NTU (about 100 mg/l) increase in turbidity in a shallow riverine wet-
land can reduce production of algae and submersed aquatics by 50 percent
(Lloyd et al. 1987/AK:R), and a mere 5 NTU increase (about 20 mg/I) has
been shown to reduce the productive area of a lake by about 80 percent (Lloyd
et al. 1987/*).

If deposited, suspended solids may smother some wetland plants by reducing
oxygen diffusion into the substrate (Featherly 1940, Yeager 1949/IL:fo, King
and Ball 1967/MI:R), although this is not inevitable. Wetlands dominated by
robust emergent and woody species can probably tolerate sediment accretion
rates of less than 5 cm per year (van der Valk et al. 1983/AK:em). Suspended
solids can also precipitate and bury phytoplankton, thus inhibiting export of
their production (Lackey et al. 1959/FL). Suspended solid loads in riverine
wetlands may scour shallow-rooted wetland plants, resulting in reduced
productivity.

Confidence in Ranking: Low to moderate. Incoming suspended solids
usually carry adsorbed nutrients and thus may benefit primary productivity if
light penetration is maintained (Copeland and Dickens 1969/*E, Kaplan et al.
1974, Karr and Schlosser 1977/*, Gosselink and Turner 1978/*, Boto and
Patrick 1979/*). Detritus can also decompose faster when a fine layer of silt
is present (Brinson 1977/NC:fo, Gurtz and Tate 1988). Moderate sediment sub-
sidies may also be essential in erosive environments to physically augment the
fine substrate necessary for most wetland plants (Chapman 1976/*E).

Potential Importance to Function: Moderate.

Measure: Determination of suspended solids level or Secchi disc reading
of runoff or surface water entering the wetland. The maximum depth at which
submersed plants can grow is generally 2.7 to 5 times the Secchi depth (Cole
1975/*). Thresholds used in Volume H are from data summarized by Wesche
and Rechard (1980/*R) and Lloyd et al. (1987/AK:R).
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Directness of Measure: Moderate.

56. Dissolved Solids or Alkalinity

Ranking: Inland wetlands with moderate alkalinity levels are more likely to
support greater primary productivity and thus have more production available for
export.

Rationale: Within reasonable limits, increased alkalinity benefits aquatic
plant growth and primary productivity in freshwater systems due to increased
nutrient availability and buffering capacity (Jenkins 1982/L). As a result, fish
standing crop, and thus the potential for production being exported, usually in-
creases with increasing total dissolved solids or alkalinity levels (Ryder 1965,
Jenkins and Morais 197 I/L, Jenkins 1982/L). However, in very alkaline
waters (perhaps 150 to 250 ppm), phosphorus may become less available and
ammonia may be converted to highly toxic ammonium.

Confidence in Ranking: Moderate. High levels of dissolved solids are
often accompanied by watershed contamination with other pollutants, which
reduce production.

Potential Importance to Function: Moderate to high.

Measure: Determination of alkalinity (CaCO3) levels and the morphedaphic
index in relation to threshold levels. The 20-mg/l threshold for alkalinity is
similar to that of Fried (1974/*NY), Larson (1976/*MA), and many state water
quality codes; the morphedaphic index (Ryder 1965) thresholds are from
Jenkins and Morais (1971/L).

Directness of Measure: Moderate.

57. Eutrophic Condition

Ranking: Wetlands with moderate or high nutrient levels and loading
rates are more likely to sustain higher production for eventual export.

Rationale: Insufficient concentrations or ratios of inorganic nutrients
(especially of phosphorus in freshwater systems and nitrogen in saltwater systems)
can frequently limit production of algae and vascular aquatic plants, as well as
limiting secondary production (Welch et al. 1988), which otherwise makes
primary production more available for export (Watson et al. 1984/AU:Eab).

Production in contiguous forested wetlands may be increased by increasing
the phosphorus loading rates to at least 50 g/m2/year (Brown and Lugo 1982/fo,
Lugo et al. 1988/*fo). In lakes, nitrogen concentrations, in conjunction with
lake size and mean depth, are a statistically significant predictor of emergent
cover (Smith and Wallsten 1986). Nitrogen-loaded runoff can improve the
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palatability of some wetland plants to consumers by reducing plant phenolic
content (Buchsbaum et al. 1981).

Invertebrate richness (Perry and Sheldon 1986/MT:L,R) and diatom richness
(Marcus 1980) are higher below than above eutrophic lakes. The effect of more
productive lakes extends farther downstream (more than 100 meters) than that
of less productive ones (Perry and Sheldon 1986/MT:L,R). Lakes (and by in-
ference, wetlands) can be effective production exporters (Cushing 1964/SAS:L,R,
Maciolek and Tunzi 1968/NV:RL, Gibson and Gilbraith 1975/QUE:RL). Par-
ticulate organic matter concentrations of 300 to 600 mg/n 3 in the outfalls of
lakes tended to produce the greatest invertebrate species richness in 13 Mon-
tana streams (Perry and Sheldon 1986/MT:L,R).

The levels and proportions of inorganic nutrients also influence. the plant
species composition of the wetland and thus the quality and availability of various
types of food sources for production export. Freshwater plant communities,
unless highly enriched, tend to be more limited by phosphorus than nitrogen
(Loucks and Watson 1978/WI:L, Schindler 1978/MAN:L, Bowden 1986/
MA:tem, Richardson and Marshall 1986/MlPem), whereas estuarine and marine
wetlands tend at least seasonally to be more nitrogen-limited than phosphorus-
limited (Broome et al. 1975/NC:Eem, Valiela et al. 1975/MA:Eem, 1976IMA'Eem;
Patrick et al. 1976/LA:E; Linthurst and Seneca 1980/NC:Eem). Riverine wet-
lands (if permanently flooded) are the least likely to be nutrient-limited
(Farnworth et al. 1979/*).

High nutrient levels often favor phytoplankton over macrophytes (especial-
ly submersed aquatic bed species), which sometimes can be shaded out by
phytoplankton blooms (Steward and Ornes 1975/FL, Phillips et al. 1978,
Davis and Brinson 1980/*ab, Phillips 1980/*Eab, Niemeier and Hubert
1986/IA:L), although exceptions (e.g., Lee and Olsen 1985/RI:E) may occur.
High nitrogen concentrations relative to phosphorus favor green algae and
flagellate species, whereas high phosphorus-to-nitrogen ratios favor blue-green
algae. Green algae and flagellates are usually, but not always, more easily util-
ized in food chains than are blue-green algae (Loucks and Watson 1978/WI:L).
Elevated nutrient levels can also mitigate the adverse effects of some con-
taminants on ecosystem function (e.g., Fairchild et al. 1984).

Confidence in Ranking: Moderate. Excessive nutrient additions can in-
hibit the minor contribution of nitrogen fixation to production export (Car-
penter et al. 1978/MA:Eem). Also, eutrophic conditions typically co-occur
with factors which restrict production (e.g., anoxia, contaminants).

Potential Importance to Function: Moderate to high. Excess production
can inhibit flushing and export. Factors such as depth, redox potential (Lin-
thurst 1980/NC:Eem, Howes et al. 1981/MA:Eem, Morris 1984/SC:Eem, Mor-
ris and Dacey 1984/MASC:Eem), gradient, and wave exposure may override
the effects of nutrient additions on plant biomass (Dennison and Alberte
1985/ab, Duarte and Kaliff 1988/VT:Lab).
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Measure: Determination of water nutrient levels or their indicators in relation
to threshold levels. Thresholds are from Vollenweider (1976), Binns and Eiser-
man (1979/WY:R), and Taylor et al. (1980/*).

Directness of Measure: High.

3.8 Aquatic Diversity/Abundance

1. Climate

Ranking: Estuarine wetlands located in an intense storm region, or those
with smaller tidal ranges and less erosive rainfall, are more likely to have a great
on-site diversity and/or abundance of fish and invertebrates. In addition,
lacustrine and palustrine wetlands that remain unfrozen for more than I month
during most winters are likely to have a relatively great on-site diversity and/or
abundance of fish and invertebrates.

Rationale: These factors are correlative but probably not causal. Intense
storm regions and rainfall erosivity are generally correlated with high nutrient
inputs (Odum et al. 1979/*fo), high productivity, and high diversity of aquatic
organisms (Odum et al. 1979/*Eem). Lacustrine and palustrine wetlands that
are continuously frozen during most winters can have low fish and inver-
tebrate diversity because many species are limited by low dissolved oxygen
concentrations (Tonn and Magnuson 1982/WI:LP). However, a high tidal
range in these situations would likely override any freshwater or nutrient inputs
associated with storm runoff. Prolonged ice cover, particularly if covered by
snow, results in depletion of dissolved oxygen and death for many fish and in-
vertebrates (Tonm and Magnuson 1982/WI:LP).

Confidence in Ranking: Moderate (ice factor) to low (storm, tidal, rain
erosion factors).

Potential Importance to Function: Moderate.

Measure: Determination of whether estuarine wetlands are located in intense
storm regions, in areas where the rainfall erosivity factor is greater than 300, and
where the tidal range is less than 3 feet. For lacustrine and palustrine wetlands, a
determination of how long the wetland is frozen during most winters. The
thresholds are arbitrary.

Directness of Measure: Low.
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2. Acreage

Ranking: Wetlands larger than 40 acres (measurement includes unconstricted
contiguous waters) are more likely to exhibit great fish and invertebrate diver-
sity and/or abundance than small wetlands.

Rationale: For lakes in general, fish species diversity increases with in-
creasing surface area and length of shoreline (Barbour and Brown 1974,
Moyle and Cech 1982*, Tonn and Magnuson 1982/WI:LP). Mollusc (Lassen
1975, Aho 1978/EU:L), midge (Driver 1977/MAN:Pem), and crustacean
(Fryer 1985) richness also increases with increasing lake area.

Confidence in Ranking: Moderate. Fish densities in small permanent
floodplain ponds showed no significant increase with pond size (Cobb et al.
1984).

Potential Importance to Function: Moderate.

Measure: Determination of the size of the wetland and any accessible wet-
lands within I mile. Acreage thresholds of 40 acres for lacustrine and 200 acres
for palustrine wetlands are arbitrary.

Directness of Measure: Low. Size may merely be a surrogate for habitat
complexity, hydroperiod permanency, or chemical stability, all of which may
have similar beneficial effects. Distance from similar habitat is also an important
predictor (Driver 1977/MAN:Pem).

4. Location and Size

Ranking: Wetlands that are tidally influenced, located near large water
bodies, or within large watersheds are more likely to provide a notably great
on-site diversity and/or abundance of fish and invertebrates.

Rationale: Distinct shifts in diversity and community composition of both
fish and their invertebrate prey occur as watershed area increases (i.e., moving
downstream toward lower elevations, Harrell et al. 1967/OK:R, Lotrich 1973/
KY:R, Vannote et al. 1980/*R). In riverine systems in most regions, food is
more available and flows are more dependable in higher order streams and low-
elevation wetlands, which tend to be found in larger watersheds. Invertebrate
species richness (Minshall et al. 1985/ID:R), macrophyte diversity (Sheath et
al. 1986/RI:Rab), and fish productivity (Lotrich 1973/KY:R) are generally
higher in streams of order 3 or higher. Fish yields locally (Moulton 1970/MA;
Tonn and Magnuson 1982/WI:L,P; Rahel 1984/WI:L) and worldwide (Wel-
comme 1979/*) have been positively correlated with watershed area. Tidal
marshes, unlike riverine systems, may have higher fish and invertebrate
productivity in the headwater (second and third order) creeks than in higher
order tidal creeks (Weinstein 1979/NC:Eem, Rozas and Odum 1987b/VA:tem).
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Confidence in Ranking: Moderate. Invertebrate richness failed to show
any correlation with stream order or width in the lake-outlet study of Perry and
Sheldon (1986/MT:L,R).

Potential Importance to Function: Low. Greater human disturbance, land
cover changes, and increased prevalence of exotic species in downstream areas
frequently have an overriding effect and cause diversity to decline (Goldstein
198 1). Stream size and location may be more important in small coastal island
streams (Bronmark et al. 1984/EU:R).

Measure: Determination of the size of the wetland's watershed. As-
sociated riverine widths and flow characteristics can be predicted from water-
shed area using equations of Thomas and Benson (1970), Osterkamp and
Hedman (1982/NE:R), and others.

Directness of Measure: Low. Richness generally appears to increase the
most between stream orders 3 and 4, and the 100-square mile threshold for
watershed size is a crude approximation of the acreage typically associated with
this transition (Dunne and Leopold 1978).

5. Wetland/Watershed Area Ratio

Ranking: Wetlands located in watersheds with many other wetlands are more
likely to have greater on-site diversity and/or abundance of fish and invertebrates.

Rationale: The diversity and abundance of fish and invertebrates may be
greater where there are opportunities for input of nutrients and immigration of
aquatic organisms from upslope areas (Hatcher 1973/TN:L, Tonn and Mag-
nuson 1982/WI:LP, Rahel 1984/WI:L). Connected wetlands form protective
corridors for fish to migrate and disperse among habitats (Brinson et al.
198 la/*fo).

Confidence in Ranking: Moderate. The presence of upstream wetlands
may have a depressive effect on some macroinvertebrate communities (Smock
et al. 1985/SC:R) and phytoplankton (Guildford et al. 1987/MAN:L), perhaps
due to lower pH, less available iron and nutrients, and dissolved oxygen deple-
tion associated with intense microbial activity and leaching of humic acids in
wetlands.

Potential Importance to Function: Low.

Measure: Determination of whether upslope wetlands comprise more than
5 percent of the total watershed of the wetland. The 5-percent threshold is
arbitrary.

Directness of Measure: Low.
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7. Gradient

Ranking: Riverine wetlands that have annual floodplains wider than their
channels or those with low channel gradients are more likely to support a great
on-site diversity of fish and invertebrates.

Rationale: Wetlands with annual floodplains wider than their channels
and those with low channel gradients generally have low water velocities.
Wetlands with low water velocities usually have greater fish and invertebrate
diversity than wetlands with fast-flowing waters (Moyle and Cech 1982/*,
Scarnecchia and Bergersen 1987/PO:R).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of whether the annual floodplain is wider than the
wetland channel, or comparison of the channel gradient to threshold levels given in
Volume IL

Directness of Measure: Low.

8. Inlets, Outlets

Ranking: Wetlands are ranked as follows from highest to lowest with respect
to their probabilities for supporting a notably great on-site diversity and/or
abundance of fish and invertebrates: the wetland has (1) both an inlet and out-
let, (2) either an inlet or an outlet, and (3) no inlet or outlet.

Rationale: Connections to adjacent waters permit movements by fish and inver-
tebrates, permit access to other colonizing organisms (Aho 1978/EU:L, Luey and
Adelman 1980/MN:R, Gilmore et al. 1981/FL:Eem, Harrington and Harrington
1982/FL:Eem, Bamby et al. 1985, Neill and Turner 1987/LA:Eem, Rey and
Crossman 1987/FL:EP), and allow possible input of allochthonous material.
Fish may use tributaries for spawning or nurseries. In ice-hazard regions, fish
may use tributaries as winter refuge from anoxia (Johnson and Moyle 1969/
MN:Lem, Tonn and Magnuson 1982/WI:LP). In a disturbed stream, invertebrate
populations 200 meters closer to a source population recovered twice as fast as
those farther downstream (Gore 1982/WY:R). In marine and estuarine systems,
fully contiguous wetlands tend to have greater freshwater inflow, which may
enhance the diversity, and sometimes the abundance, of aquatic life (Cross
and Williams 198 1/*, Barnes 1988). See also Predictor 48.

Confidence in Ranking: Low. In some inland regions (e.g., Prairie
Pothole), isolated wetlands have a much higher diversity and abundance of
aquatic life than connected wetlands. Some impounded tidal marshes have
greater fish abundance, though lower diversity (Rey and Crossman 1987/FL:EP).
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Potential Importance to Function: High.

Measure: Documentation of inlets and outlets for surface water flow.

Directness of Measure: High.

10. Wetland System

Wetland system is used in the interpretation keys as a classification vari-
able rather than a predictor. It is used only to separate wetland types prior to
further analyses.

11. Fringe Wetland or Island

Ranking: Lacustrine and palustrine wetlands that form at least part of a
fringe wetland or an island are more likely to have a great on-site diversity
and/or abundance of fish and invertebrates than nonfringe wetlands or those
not associated with islands.

Rationale: Fringe wetlands are at the interface between terrestrial and
aquatic communities where both density and diversity of species are high (Odurn
1979/*fo). Many species concentrate at the wetland vegetation's border (fringe)
with open water (Holt et al. 1983, Macdonald et al. 1987/BC:Eem). Fringe and is-
land wetlands have a high degree of connectivity with contiguous channels or
standing bodies of water and provide physical habitat complexity. Fish and inver-
tebrate species richness/abundance are increased in fringe and island wetlands by
their easy accessibility to fauna from surrounding waters.

Confidence in Ranking: Low. The increased exposure to wind and cur-
rents that characterizes fringe wetlands may result in lower densities of inver-
tebrates (Jonasson and Lindegaard 1979).

Potential Importance to Function: Low.

Measure: Determination of whether the wetland composes all or part of a
fringe wetland or an island.

Directness of Measure: Low.

12. Vegetation Class/Subclass (Primary)

Ranking: Wetlands dominated by aquatic bed vegetation are more likely to
have a great on-site diversity and/or abundance of fish and invertebrates.

Rationale: Most types of vegetated wetlands contain larger and more
diverse populations of fishes and invertebrates than do unvegetated wetlands
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(Percival and Whitehead 1929/R, Pennak and Van Gerpen 1947/CO:R, Minkley
1963/KY:R, Kimble and Wesche 1965, Wetzel 1975/*, Hall and Werner 1977/
MI:L, Teels et al. 1978/MS, Ware and Gasaway 1978/FL:L, Thayer et al.
1979/*Eab, Menzie 1980/NY:Rab, Mittelbach 1981, Diaz et al. 1982/*E,
Zajac and Whitlatch 1982/CT:E, Reice and Stiven 1983, Stoner 1983, Wein-
stein and Brooks 1983/NC:Eem, Durocher et al. 1984/TX:L, Floyd et al. 1984,
Gilinsky 1984, Heck and Thoman 1984/VA,MD:Eab, Morin 1984/NC:L, Zim-
merman and Minello 1984/TX:Eem, Chubb and Liston 1986/MI:Lem, Poe et
al. 1986/MI:L, Rozas and Odum 1987a/VA:tem, Cyr and Downing 1988).

Densities of invertebrates are often greater in aquatic beds than in stands of
emergent vegetation (Voights 1976/IA:P, Scheffer et al. 1984/EU:R, Schramm
et al. 1987), probably because greater surface area is available in aquatic beds
due to the dissected form of the leaves (Dvorak and Best 1982/Eu:Lab). The
peak biomass of submersed vegetation can be predicted for lacustrine wetlands
using the equations of Duarte and Kalff (1986) and Duarte et al. (1986). Algae-
dominated wetlands may have exceptionally high diversity and productivity of
aquatic invertebrates (Dudley et al. 1986/CA:Rab), though the algae may shade
out aquatic bed macrophytes. Wetlands dominated by green algae or diatoms,
for example, can provide a food source that is highly palatable to consumers
(Boyd 197 1/*Lab, Dudley et al. 1986/CA:Rab) and that in turn supports higher
invertebrate production (Dudley et al. 1986/CA:Rab, Huryn and Wallace
1987/NC:R).

Freshwater wooded wetlands have seldom been compared to aquatic bed or
emergent wetlands, with regard to relative abundance and diversity of aquatic
invertebrates and fish. Density and species richness at the outer surface water
edge in freshwater wooded systems appear to be generally great, both for in-
vertebrates (Hubert and Krull 1973, Ziser 1978/LA:fo, Benke et al. 1979/GA:
RRUB, Beckett et al. 1983/MS:R, Pollard et al. 1983/LA:fo, Cobb et al. 1984,
Batema et al. 1985, Sklar 1985/LA, Thorp et al. 1985/GA:fo) and for fish
(Guillory 1979, Welcomme 1979/*, Pollard et al. 1983/LA:fo, Ross and Baker
1983/MS:R, Stewart 1983). Among wooded wetlands, those of the broad-
leaved deciduous subclass, especially alder and willow species, produce par-
ticularly great amounts of detritus especially desired by consumers (Chapman
1966, Sedell et al. 1975/*fo, Anderson and Cummins 1979, Smock and Har-
lowe 1983/VA:P, Sidle 1986).

In estuarine and marine systems, densities and species richness of fish and in-
vertebrates can be greater in scrub-shrub (mangrove) wetlands than in aquatic
plant beds (Thayer et al. 1987/FL:Efo), and greater in aquatic beds than in ad-
jacent unvegetated bottoms (Menzie 1980/NY:Rab, Stoner 1983, Heck and
Thoman 1984/VA,MD:Eab, Rozas and Odum 1987a/VA:tem).

Confidence in Ranking: High.

Potential Importance to Function: High. The extent and density of
vegetation or detritus are probably more important than its type (Culp and
Davies 1985/BC:R).
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Measure: Determination of the vegetation class/subclass of the wetland.

Directness of Measure: Moderate.

13. Vegetation Class/Subclass (Secondary)

Ranking: Wetlands with at least 10 percent or 1 acre of aquatic bed
vegetation are more likely to have a notably great on-site diversity and/or
abundance of fish and invertebrates.

Rationale: See Predictor 12 - Vegetation Class/Subclass (Primary).

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of how much of the wetland is occupied by
aquatic plant beds. The thresholds are arbitrary.

Directness of Measure: Moderate.

Information Sources: See Predictor 12 - Vegetation Class/Subclass
(Primary).

15. Vegetation-Water Interspersion

The influence of vegetation-water interspersion as a predictor for aquatic
diversity/abundance depends upon two factors: (1) vegetation interspersion
and (2) the way in which water enters the wetland. As a result, the vegetation-
water interspersion is defined with two predictors.

15.1 Vegetation Interspersion

Ranking: Wetlands that contain vegetation interspersed with open water
(i.e., channels, pools, or other open-water areas) are more likely to support a
notably great on-site diversity and/or abundance of fish and invertebrates.
Those with very dense vegetation and no channels or open-water areas are
less likely to support this function.

Rationale: Some vegetation is beneficial to fish dependent on aquatic inverte-
brates because densities of invertebrates are high in such habitat (see Predictor 12
above). However, wetlands almost completely covered by dense vegetation (no
open water) experience reduced fish movement (Cope et al. 1970; Strange et al.
1975; Vince et al. 1976/MA:E; Bailey 1978/*; Colle and Shireman 1980; Crow-
der and Cooper 1982; Savino and Stein 1982; Pollard et al. 1983/LA:fo; Zimmer-
man and Minello 1984/TX:Eem; Lodge et al. 1985/IN:L; McIvor et al./VA:tem,
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in press). They also have fewer large fish, lower invertebrate density (Swan-
son and Meyer 1977/ND), and perhaps reduced fish production. Vegetation-
water interspersion is also a key factor in influencing the abundance of brown
shrimp and some fish in salt marshes (Zimmerman et al. 1984/1X:Eem).

Thus, intermediate categories of interspersed vegetation (e.g., densities less
than 200 g dry weight/m 2, or about 50 g dry weight//m3 ) support greater fish
growth (Macan 1949/*, Vince et al. 1976/MA:E, Crowder and Cooper 1982,
Pardue 1983/*ER, Wiley et al. 1984/1L:Lab, Engel 1988/WI:Lab). A submer-
sed plant biomass of 52 g dry weight/m3 appears to be optimal for supporting
largemouth bass in small ponds (Wiley et al. 1984/IL:Lab). Plant species rich-
ness in riverine wetlands declines in stands where biomass exceeds 200 g/m2

(Day et al. 1988).

Sinuosity of the open water-wetland plant edge, which is often associated
with interspersion, has been positively correlated with fish standing crop (Buck-
ley et al. 1976/IA:R, Zimmer and Bachman 1978/IA:R), but the relationship is
less clear for adults than for juveniles (Menzel and Fierstine 1976/IA:R).
Meanders (sinuosity) help dampen the scouring effect of floods (Karr and
Schlosser 1977/*). Shoreline irregularity has also been positively correlated
with fish standing crops (Jenkins 1967/L, Jenkins and Morais 197 I/L).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of the degree of vegetation-water interspersion
in the wetland.

Directness of Measure: Low.

15.2 Sheet Versus Channel Flow

Ranking: Wetlands where (under average flow conditions) water enters in a
channel and then spreads out over a wide area are more likely have a great on-
site diversity and/or abundance of fish and invertebrates.

Rationale: An even distribution of water throughout a wetland provides
an optimal combination of shelter from predators, complex substrates for at-
tachment or feeding, and ample exchange of dissolved oxygen and nutrients.
See also Predictor 15.1 above.

Confidence In Ranking: Moderate.

Potential Importance to Function: Low.

Measure: Documentation of whether water enters the wetland in a chan-
nel and then spreads out over a wide area within the wetland.
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Directness of Measure: Low.

16. Vegetation Class Interspersion

Ranking: Wetlands with intermediate or high vegetation class intersper-
sion are more likely have a great on-site diversity and/or abundance of fish
and invertebrates.

Rationale: Wetlands that contain an interspersed mosaic of different vege-
tation classes provide a greater variety of food, shelter, and other habitat re-
quirements. Thus, wetlands with moderate/high vegetation richness and
interspersion can support a greater density and species richness of aquatic animals
than those with low interspersion (Weinstein and Brooks 1983/NC:Eem, Rozas
and Odum 1987c/VA:tem). In palustrine wetlands, invertebrate richness is greatest
where aquatic bed and emergent classes are interspersed (Voights 1976/IA:P).

Confidence in Ranking: Moderate.

Potential Importance to Function: Low.

Measure: Determination of the degree of vegetation class interspersion in
the wetland.

Directness of Measure: Low.

17. Vegetation Form Richness

Ranking: Wetlands that contain numerous vegetation forms in relatively
even proportions are more likely to support a notably great on-site diversity
and/or abundance of fish and invertebrates.

Rationale: Fish diversity is greater in stream habitats with greater diversity of
depths, substrate types, and currents (Gorman and Karr 1978/IN:R). Increased
wetland plant form diversity and biomass have been directly correlated with fish
diversity in lacustrine and palustrine systems (Tonn and Magnuson 1982/WI:L,P,
Rahel 1984/WI:L). A diversity of plant forms is also likely to support a diver-
sity of macroinvertebrates (Chapman 1966, Dvorak and Best 1982/Eu:Lab,
Lodge 1985/IN:L) and provide greater food chain support due partly to differ-
ing phenologies among plants (i.e., sustainable nutrient supplies, Sheridan and
Livingston 1979/FL:E).

Confidence in Ranking: Moderate.

Potential Importance to Function: High.

Measure: Determination of the number of vegetation classes or subclasses
present in the wetland.

Prediction of Wetland Effectiveness and Opportunity WES TR WRP-DE-2, October 1991



3.8 Aquatic Diversity/Ab•Jndance Chapter 3.0

Directness of Measure: Low.

18. Shape of Upland/Wetland Edge

Ranking: Wetlands with irregular or sinuous wetland-upland edges are
more likely to support a notably greater on-site diversity and/or abundance of
fish and invertebrates than are those with smooth, regular edges.

Rationale: Particularly in fringe wetlands of narrow width, an irregular
upland ecotone can augment habitat structure and provide shelter, thus enhanc-
ing diversity of the open water-wetland plant edge.

Confidence in Ranking: Low.

Potential Importance to Function: Low.

Measure: Determination of whether the wetland-upland border is irregular or
smooth.

Directness of Measure: Moderate to low.

20. Vegetation Canopy

Ranking: Riverine wetlands with sufficient vegetation or topographic relief
on adjacent banks to provide moderate shade to much of the wetland at midday
are more likely to support a notably great on-site diversity and/or abundance of fish
and invertebrates.

Rationale: Shade (indicated by the fraction of streambank forested within
1.5 miles upstream) can determine the weekly maximum water temperature in
riverine systems, and thus the presence of trout (Barton et al. 1985/ONT:R) and
salmon (Theurer et al. 1985/WA:fo). One stream section with 80 percent more
cover had almost 80 percent more trout (Elser 1968). Canopy cover is espe-
cially important in systems where maximum summer temperatures are close to
680 F, water circulation is poor, and submerged cover is lacking (Bums
1972/FL:fo, Murphy et al. 1981/OR:fo, Scrivener and Andersen 1984/BC:R).

Although nearly complete shading may be physiologically necessary to
most salmonid fish in some regions, extensive shading can also reduce fish
species diversity (Murphy et al. 198 l/OR:fo) and aquatic primary productivity
(Naiman and Sedell 1980). Greater algal productivity is associated with mod-
erate canopy removal (e.g., some logging) (Lyford and Gregory 1975/OR:R,
Lowe et al. 1986/NC:Rab). Areas of intermediate shade and mixed shoreline
or wetland vegetation types, especially deciduous cover (see Predictor 12),
can thus provide an optimal mix of cooling and primary production (Minshall
1968/ID:R). Aquatic invertebrate and vertebrate densities often increase
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accordingly (Newbold et al. 1980/CA:fo, Murphy and Hall 198 1/OR:fo, Mur-
phy et al. 198 l/OR:fo, Hawkins et al. 1982/OR:fo).

Confidence in Ranking: Moderate. Summer cooling can occur despite a

lack of shade if ground water inputs are great (Bilby 1984).

Potential Importance to Function: High.

Measure: Determination of the degree to which the wetland is shaded and
whether shaded and unshaded areas of the wetland are adequately inter-
spersed.

Directness of Measure: Low. Water temperature and light measurements
are more direct and thus are preferreL Also, models are available for quantifying
canopy-temperature and light-photosynthesis interactions in wetlands (e.g.,
Cosby et al. 1984/*).

21. Land Cover of the Watershed

Ranking: Wetlands in watersheds dominated by impervious surfaces are
less likely to support a notably great on-site diversity and/or abundance of fish
and invertebrates.

Rationale: Vegetation cover changes and creation of impervious surfaces in
upslope watershed areas can cause unnatural, accelerated runoff, aberrant wet-
land hydroperiods, and higher levels of sediment and toxicants in wetlands
(Aubertin and Patric 1974). Deterioration in food quality for fishes (Sloane-
Richey et al. 198 1/WA:R), fish species richness, and declines in the health of
some species' populations generally occur in areas of greatest watershed develop-
ment and human population growth (e.g., Leonard and Orth 1986, Hughes and
Gammon 1987/OR:R, Nash 1988, Steedman 1988/ONT:R). Declines in
macroinvertebrate habitat quality (Hammer 1972) and functional richness also
are associated with urban runoff (Pratt and Coler 1979, Pitt and Bozeman
1982, Garie and McIntosh 1986/NJ:R, Pedersen and Perkins 1986). See also
Predictor 27.

Confidence in Ranking: Moderate. Although urbanization may alter the
community structure of aquatic life, abundance does not decrease in all cases
(e.g., Jones and Clark 1987). Intermediate levels of canopy removal and en-
richment are typically associated with low-intensity land cover alteration, and
these may enhance aquatic diversity or abundance (Odum 1985/*; also see
Predictors 20 and 57).

Potential Importance to Function: High.

Measure: Determination of the majority of the wetlands' watershed land
cover.
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Directness of Measure: Low.

23. Dltches/Canals/Channellzatlon/Levees

Ranking: Wetlands without functioning ditches, canals, levees, or similar
artificial features that cause water to leave faster than would occur under
natural conditions are more likely to have great on-site diversity and/or
abundance of fish and invertebrates than those with such structures.

Rationale: Ditches within wetlands generally decrease the hydraulic reten-
tion time and alter the timing of inundation, both seasonally and in response to
specific precipitation events. One result is that wetlands become isolated
from other water bodies for longer time periods. Wetlands so altered are ac-
cessible to aquatic organisms less frequently and for shorter periods of time
than natural wetlands. Levees also can block access to wetlands and prevent
immigration of species (Gilmore et al. 1981/FL:Eem, Neill and Turner
1987/LA:Eem).

Channelization of rivers and streams removes both riffle areas and pools
which provide habitat for many species (Bayless and Smith 1967/NC:R,
Tarplee et al. 1971/NC:fo, Buckley et al. 1976/IA:R, Griswold 1978, Huish and
Pardue 1978/NC:fo, Simpson et al. 1982/*, Pornt et al. 1986). When marsh
tidal creeks are channelized, shallow depositional creek banks that are used by
juvenile invertebrates and fishes are eliminated (Rozas and Odum 1987c/VA:tem,
Mclvor and Odum 1988/VA:tem), and the number and biomass of these taxa
are reduced (Mock 1967=TX:E, Trent et al. 1976/TX:E).

By making aquatic habitats more homogeneous, reducing access, and alter-
ing wetland chemistry (e.g., causing anoxia, acidification, and sulfur oxidation in
salt marshes), ditches and channelization can reduce aquatic productivity and
diversity (Mock 1967=TX:E, Balling et al. 1980/CA:Eem, Bamby and Resh
1980/CA:Eem, Gilmore et al. 1981/FL:Eem, Balling and Resh 1982/CA:Eem,
Harrington and Harrington 1982/FL:Eem, Pollard et al. 1983/LA:fo, Barnby
et al. 1985, Neill and Turner 1987/LA:Eem, Portnoy et al. 1987/M:Eem).

Confidence in Ranking: Moderate. The effect also depends on the type
of alteration, proximity, extent, construction methods, wetland type, and other
factors. Some studies have detected no major effects of channelization on
aquatic communities, particularly in situations where sediment types were not
altered (e.g., King and Carlander 197611A:R, Possardt et al. 1976/VT:R,
Whitaker et al. 1979). An increase in plant richness for 6+ years after
drainage was reported by Thibodeau and Nickerson (1985/MA:Pfo) and may
be the result of mobilizing nutrients from the sediments. Intermediate levels of
channel disturbance may increase diversity of the fish fauna (Leidy and Fiedler
1985/CA:R).

Potential Importance to Function: Moderate. Drainage may have a greater
effect on wetland vegetation composition than increased seasonal inundation
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(Thibodeau and Nickerson 1985/MA:Pfo), and substrate (sediment) type may
be a more direct predictor of aquatic diversity than presence of channelization
or ditching (Griswold 1978).

Measure: Documentation of ditches, canals, channelization, levees, or
other artificial features that cause water to leave at a faster rate than would
occur under natural conditions.

Directness of Measure: Low.

25. Sediment Sources

Ranking: Wetlands without sources of inorganic sediment or those that do
not frequently experience activity (e.g., boating) that causes sediment resuspension
are more
likely to exhibit a great on-site diversity and/or abundance of fish and invertebrates.

Rationale: See Predictor 55.

Confidence in Ranking: Moderate.

Potential Importance to Function: Low.

Measure: Determination of potential source(s) of inorganic sediment and
toxicants such as storm-water outfalls, irrigation return waters, surface mines, ex-
posed soils, erosion-prone soils, gullies, sand or gravel pits, or severely eroding
stream or road banks.

Directness of Measure: Low. Direct measurement of suspended or
deposited sediment and the exposure of biota to its effects is preferable to as-
suming presence based on stereotypical sources. If sources are assumed, then
coincidence with periods of maximum runoff should be considered, as some
sources are associated only with seasonally intermittent activities. Models for
quantifying the transport of sediment into and through water bodies are wide-
ly available (e.g., Universal Soil Loss Equation, ANSWERS model, some
Hydrologic Engineering Center models).

27. Contaminant Sources

Ranking: Wetlands without waterborne contaminants or sources that
potentially contribute such contaminants are more likely to have a notably
great on-site diversity and/or abundance of fish and invertebrates.

Rationale: Waterbome contaminants reduce the density and/or species rich-
ness of aquatic communities (Krebs and Bums 1977, Krebs and Valiela 1978/MA:
Eem, Moore et al. 1979/MN:Pem), and food chains become shorter with the
elimination of top predators (Odum 1985/*). See also Predictor 21.

1 Prediction of Wetland Effectiveness and Opportunity WES TR WRP-DE-2, October 1991



3.8 Aquatic Diversity/Abundance Chapter 3.0

Confidence in Ranking: High. The effect depends also on the type of con-
taminant, proximity, season of application, wetland type, consumer behavior, and
other factors. Diversity can be increased by toxic inputs if diversity is low to
begin with (Odum 1985/*), or can remain unchanged if compensating
mechanisms are present (Schindler 1987/MAN:L).

Potential Importance to Function: High. Atmospheric sources of metals
and synthetic organics (via deposition or precipitation) can be significant as well
(Lazrus et al. 1970, Rappaport et al. 1985/U.S.).

Measure: Determination of potential sources of waterborne toxic substan-
ces such as mines, landfills, leaking subsurface tanks, salt/brine seepage, pes-
ticide-treated areas, contaminated aquifers, severe oil runoff, irrigation return
water, industrial and sewage outfall, or heavily traveled roads.

Directness of Measure: Low. Direct measurement of contaminant levels
or (better yet) exposure of aquatic life and accumulation in tissues is preferable to
assuming presence based on stereotypical sources. If sources are assumed,
then coincidence with periods of maximum runoff and fish or invertebrate
presence should be considered, since some sources are associated only with
seasonally intermittent activities. Models for quantifying the transport of
contaminants are widely available (e.g., for metals from highways and dredged
material, for pesticides from agricultural fields), and some which predict the fate
of contaminants and exposure of biota are also becoming available (e.g., Bums
1985/*).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Documentation of waterborne contaminants or possible sources
that could contribute such contaminants.

Directness of Measure: Low.

28. Direct Alteration

Ranking: Unaltered wetlands are more likely to exhibit a notably great
on-site diversity and/or abundance of fish and invertebrates than those that
have been altered by tilling, filling, excavation, addition of inlets, or blockage
of outlets.

Rationale: Tilling, filling, or excavating wetlands removes and buries
aquatic vegetation, and thus reduces diversity/abundance of many types of fish
and invertebrates. Adding an outlet where none previously existed or blocking
an inlet alters the hydroperiod, decreases the available aquatic habitat, and
thus can adversely affect aquatic organisms.
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Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate. The effect depends on the
specific type of alteration, proximity, time elapsed, construction practices used,
and other factors.

Measure: Documentation of wetland tilling, filling, or excavation in the
past 3 years, the addition of outlets, or blocking of inlets.

Directness of Measure: Moderate.

31. WaterNegetation Proportions

Ranking: Wetlands that have moderate amounts of their total area covered
by unvegetated surface water are more likely to exhibit great on-site diversity
of fish and invertebrates.

Rationale: See Predictor 15.1.

Confidence in Ranking: Moderate.

Potential Importance to Function: High.

Measure: Determination of the portion of the wetland that is flooded less
than 6.6 feet deep and what part of the total inundated area is dominated by
vegetation. The categories of vegetation cover used in Volume II are arbitrary.

Directness of Measure: Moderate.

32. Hydroperlod (spatially dominant)

Ranking: The rankings for this predictor depend on the wetland system.
For estuarine and marine wetlands, those that are not irregularly flooded are
more likely to have a great on-site diversity of fish and invertebrates. Riverine
wetlands that are seasonally or permanently flooded are more likely to have a
great on-site diversity and/or abundance of fish and invertebrates.

Rationale: Wetlands with at least some areas that are permanently or fre-
quently flooded, or wetlands connected to permanent water, provide a greater
amount of aquatic habitat for longer periods of time than disconnected wetlands
with shorter hydroperiods, and thus often have higher fish and invertebrate diver-
sity. Permanently inundated areas may provide refugia for aquatic life when
other areas dry up. In contrast, aquatic habitat is available infrequently and
unpredictably in irregularly flooded estuarine or marine wetlands, and physio-
chemical conditions are frequently extreme.
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Although infrequently flooded riverine wetlands occasionally have high fish
and invertebrate diversity (Brinson et al 19814a4fo, Pollard et al. 1983/LA:fo), their
most productive parts are the parts flooded for the longest duration (but not
permanently) (Cobb et al. 1984). Increasing invertebrate diversity can even
be used to indicate increasing hydroperiod permanency in prairie potholes
(Driver 1977/MAN:Pem). Low water levels during periods of spawning can
have detrimental effects on fish populations (Lantz et al. 1965). Water level
was the single most important factor in explaining the densities of brown
shrimp in a Texas salt marsh (Zimmerman and Minello 1984/TX:Eem). In
another salt marsh, pools more than 15 cm above mean high high water
(MHHW) had lower richness than those less than 10 cm above MHHW
(Barnby et al. 1985). See related Predictors 8, 23, 34, and 35.

Confidence in Ranking: Moderate to low. Nutrient availability, and con-
sequently aquatic production, may be less in permanently flooded wetlands
than in seasonally flooded ones (see Predictor 35).

Potential Importance to Function: High. However, in estuarine systems,
salinity can be a more important determinant of species richness than the
closely interrelated hydrologic regime (Barnes 1988).

Measure: Determination of the flooding regime of the largest percentage
of the wetland.

Directness of Measure: High to moderate. Duration of connection to other
water bodies, distance to refugia habitats, and type of substrate also influence
recolonization and thus diversity.

33. Most Permanent Hydroperiod

Ranking: Wetlands most likely to exhibit great on-site diversity and/or
abundance of fish and invertebrates with respect to this predictor include:
estuarine wetlands that are not irregularly flooded; permanently flooded, inter-
mittently exposed, and artificially flooded lacustrine/palustrine wetlands; and
permanently flooded and intermittently exposed riverine wetlands.

Rationale: Wetlands with at least some areas that are permanently or fre-
quently flooded provide a greater amount of aquatic habitat for longer periods
of time than those with shorter hydroperiods, and therefore have higher fish
and invertebrate diversity/abundance. Water level was the most important fac-
tor explaining brown shrimp densities in a Texas salt marsh (Zimmerman and
Minello 1984/TX:Eem). In lacustrine/palustrine wetlands, low water levels
during periods of spawning can have detrimental effects on fish populations
(Lantz et al. 1965).

Potential Importance to Function: High.

Measure: Determination of the flooding regime of that portion of the wet-
land that is inundated or saturated most of the year.
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Directness of Measure: Moderate.

34. Water Level Control

Ranking: Wetlands with drastic artificial water-level fluctuations are less
likely to support a notably great on-site diversity of fish and invertebrates.

Rationale: Water-level control structures (especially those with deep-release
outlets) can alter hydroperiods within and below the impounded area, reduce the
outflow of detritus (Kondratieff and Simmons 1984, Voshell and Parker 1985/
VA:R) with resultant decline of downstream aquatic insect diversity and biomass
(Herlong and Mallin 1985, Perry and Sheldon 1986/MT:L,R), and thus depress the
growth of insectivorous fishes downstream (Trotzky and Gregory 1974/ME:R,
Rimmer 1985, Paragamian and Wiley 1987/IA:R). Aquatic invertebrate richness
within impoundments can also be diminished (Sklar and Conner 1979/LA:fo).
Large water-level fluctuations expose spawning areas, denude shoreline vegeta-
tive cover, and reduce aquatic invertebrate richness and abundance (Cushman 1985,
Gislason 1985, Irving 1985, Holland 1987/MN:R, Erman and Ligon 1988/CA:R).

In reservoirs with shore slopes of less than 0.16, wetland plant com-
munities were richest and most extensive where the water-level fluctuation in
the year prior to sampling was less than 12 feet (Smith et al. 1987/UK:L). Ben-
thic communities appear unaffected by maximum daily water-level changes of
less than I foot (Smith et al. 1981/UK:L), but fluctuations of greater than 3
feet can affect diversity (Fisher and Lavoy 1972/MA:L). Reduction in an an-
nual spring drawdown from between 33 and 40 feet to between 20 and 23 feet
tripled the benthic invertebrate populations of a Missouri River reservoir (Ben-
son and Hudson 1975/SD:L). Equations for quantifying fish response to
water-level conditions are provided by Ploskey et al. (1984/US:L).

Confidence in Ranking: Moderate. Depends on proximity to dam,
effectiveness of dam, location of outlet, and other factors. Intermediate levels
of hydrologic disturbance (e.g., beaver dams) may increase aquatic diversity
and abundance (Mackay and Waters 1986/MN:R, McDowell and Naiman
1986/QUE:R).

Potential Importance to Function: Moderate to high.

Measure: Documentation of artificial structures that influence wetland
hydrology.

Directness of Measure: Low.
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35. Flooding Extent and Duration

Ranking: Wetlands that experience seasonal flooding of large extent and
duration are more likely to support a notably great on-site diversity and/or
abundance of fish and invertebrates.

Rationale: Spring flooding provides important spawning, feeding, and nur-
sery areas for many species, and generally reduces the number and magnitude
of many limiting factors (e.g., low dissolved oxygen concentration) (Starret
195 1/IA:R, Johnson 1963/*, Marzolf IQ78/*fo, Pollard et al. 1983/LA:fo, Ross
and Baker 1983/MS:R). The magnitude of the effect on fish biomass can be es-
timated for some water bodies using equations of Ploskey et al. (1984/US:L).
Recolonization of newly inundated areas by macroinvertebrates can occur
within weeks (Fisher et al. 1982a/NC:E), but may require 3 months (Williams
and Hynes 1977/ONT:R, Kaster and Jacobi 1978/IL:R), and densities in areas
of recently inundated vegetation can be very high (e.g., Murkin and Kadlec
1986/Man:Pem). The duration of inundation is a key determinant of inver-
tebrate community structure in ephemeral parts of headwater streams (Deluc-
chi 1988). Southeastern floodphUin ponds with the most fish received more than
10 weeks of flooding per year (Cobb et al. 1984). See also Predictor 32.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the extent and duration of flooding in the wet-
land. Threshold levels are from US Army Corps of Engineers (1980) and are
arbitrary.

Directness of Measure: Low.

40. Bottom Water Temperature

Ranking: Wetlands with cool-to-warm water temperatures (greater than 500 F)
are more likely to support a notably great on-site diversity and/or abundance of
fish and invertebrates in lacustrine/palustrine systems. Those with extreme water
temperatures are less likely to be as diverse or productive. For riverine systems,
seasonally flooded areas with summer temperatures greater than 690 F, and areas
with stable water levels and summer temperatures less than 690 F, are more likely
to support this function.

Rationale: Submersed macrophytes show increased growth from 100 C to
about 280 C (McNabb 1976/*ab, Barko et al. 1984/ab). Extremely warm water
temperatures are physiologically stressful both directly and to the degree to
which they lower dissolved oxygen concentrations (Mills 1971/*, Wesche and
Rechard 1980/*R). In contrast, very cold temperatures, although less likely to be
directly lethal, can limit the reproduction and growth of some species. Warmer
mean temperatures and wider temperature fluctuations (within local limits)
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increase the abundance and diversity of riverine invertebrates (Vannote et al.
1980/*R).

Confidence in Ranking: High.

Potential Importance to Function: Moderate to high. Weekly maximum
water temperature was a more statistically significant predictor of trout occurrence
in southern Ontario streams than were gradient, width, depth, concentration of fine
particulates, or discharge variables (Barton et al. 1985/ONT:R).

Measure: Determination of the average daily minimum summer water
temperature at the deepest part of the wetland. Thresholds are approximate.

Directness of Measure: High (if measured regularly).

41. Velocity (spatially dominant)

Ranking: Riverine wetlands with low water velocities during peak annual
flow are more likely to exhibit a notably great on-site diversity and/or abun-
dance of fish and invertebrates.

Rationale: Fish and invertebrate diversity is highest at low or intermediate
water velocities (Moyle and Cech 1982/*, Beckett et al. 1983/MS:R).
Detritus and nutrients important to aquatic life accumulate in such low-
velocity areas (McDowell and Naiman 1986/QUE:R, Huryn and Wallace
1987/NC:R). The abundance of such detritus is probably more important than
its quality (Culp and Davies 1985/BC:R). Assuming water temperatures are not
abnormal, most fish can maintain their position in currents with velocities
(feet/second) up to about 5 to 10 times their body length. For coldwater
riverine species, sustained velocities of greater than 8.2 ft/sec are nearly al-
ways impassable, while velocities in the 1.5 to 2.5 ft/sec range are generally
preferred. Juvenile trout occupy habitat near the edges of streams where the
velocity is zero (Scarnecchia and Bergersen 1987/CO:R).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of the velocity throughout most of the wetland
during peak, annual flow.

Directness of Measure: Low.

45. Substrate Type (spatially dominant)

Ranking: Estuarine and marine wetlands with bedrock or rubble substrates,
and palustrine, lacustrine, and riverine wetlands with sand substrates, are less
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likely than other wetland types to support a notably great on-site diversity
and/or abundance of fish and invertebrates.

Rationale: Organic sediments such as peat and muck, which are usually more
prevalent in vegetated aquatic areas than in nearby unvegetated bottoms, general-
ly have greater densities of fish and aquatic invertebrates (Osenga and Coull
1983, Cyr and Downing 1988) (see also Predictor 12 for related references).
Recolonization following exposure of the substrate during drawdown also oc-
curs faster in organic sediments (Kaster and Jacobi 1978/IL:R). Sand general-
ly supports low densities of macroinvertebrates (Whitlatch 1980, Beckett et al.
1983/MS:R, Anderson and Day 1986/IL:R), in part because of its physical in-
stability. Recolonization in disturbed sandy sediments is slower than in or-
ganic sediment (Driver 1977/MAN:Pem) or on moss-covered rock substrates
(Gurtz and Wallace 1984/NC:R).

Substrate (sediment) preferences of fish are summarized quantitatively and
species-specifically in Bovee (1978/*R) and Wesche and Rechard (1980/*R).
Precise data for spawning substrate preferences of some salmonids are given
by Platts et al. (1979), Shirazi and Seim (1979/*R), Peterson (1981/*E), Hale
et al. (1985/*), and Raleigh and Nelson (1985/*).

Confidence in Ranking: Moderate. Abundance and biomass of aquatic
invertebrates is occasionally greater in mud or organic sediments than in
either cobble-gravel (Marzolf 1978/*fo, McDowell and Naiman 1986/QUE:R,
Huryn and Wallace 1987/NC:R) or aquatic beds (Anderson and Day 198611L:R),
but taxa richness in mud is generally less than in aquatic beds (Driver
1977/MAN:Pem). In estuarine systems, macrobenthic density and taxa rich-
ness can be greater in sand than in muddy sand, which has a higher organic
content and greater heavy metal content (Franz and Harris 1988/NY:E). The
relationship is nonlinear, with a total organic content in the range 0.7 to 1.0
percent being adequate in urban estuarine sediments for supporting a diversity
of macrobenthic invertebrates, and greater or lesser amounts being stressful
(Franz and Harris 1988/NY:E).

Potential Importance to Function: Moderate. Although substrate type is
important for invertebrates, for riverine fish it is much less important than cur-
rent velocity and water depth, except for spawning (Hynes 1970/*R). In es-
tuarine systems, salinity can be a more important determinant of species
richness than can substrate (sediment) type (Barnes 1988).

Measure: Determination of the dominant substrate type in the wetland.

Directness of Measure: Low.
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46. Physical Habitat Interspersion

Ranking: Wetlands that contain a mosaic of substrate types, velocities, and
depths are more likely to have greater on-site diversity and/or abundance of
fish and invertebrates.

Rationale: See Predictor 49.

Confidence in Ranking: High.

Potential Importance to Function: Moderate.

Measure: Determination of the number and distribution of substrate types,
velocity categories, and depth classes.

Directness of Measure: Moderate.

47. pH

Ranking: Wetlands in which the pH is circumneutral are more likely to
support a greater on-site diversity and/or abundance of fish and invertebrates.

Rationale: Values between pH 5.6 and 8.6 are best for aquatic production
(Cook and Powers 1958/NY:Pem, Darnell et al. 1976*, Fryer 1980) and rich-
ness (Friday 1987/UK:PL). Invertebrate richness can be positively correlated
with pH 3 (Driver 1977/MAN:Pem). Acidification of wetland habitats can be
detrimental to fish populations because toxic metals, particularly inorganic
aluminum, are mobilized by low pH (Haines 198 1/*, Baker and Schofield
1982, Magnuson et al. 1984/*, Wiener 1987).

Confidence in Ranking: Moderate to high. Acidic conditions may eliminate
predation by fish and result in richer communities of algae, aquatic invertebrates,
and other consumers (e.g., birds), since fish are generally more acid-sensitive
than other fauna (Bendell and McNicol 1987, Wiener 1987).

Potential Importance to Function: Moderate.

Measure: Determination of the pH of water in the wetland.

Directness of Measure: Moderate.

48. Salinity and Conductivity

Ranking: Lacustrine/palustrine wetlands that have salinities less than 5 ppt
and estuarine/marine wetlands with salinities less than 40 ppt are more likely
to have a great on-site diversity and/or abundance of fish and invertebrates.
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Rationale: Lacustrine, palustrine, and riverine wetlands are dominated by
species that generally cannot survive in salinities greater than 5 ppt (Remane
1971/*E, Silberhorn et al. 1974/VA:Eem). Estuarine and marine wetlands
with hypersaline waters generally have lower densities and numbers of
species than similar wetlands with salinities less than 40 ppt (Copeland and
Nixon 1974/*E). Productivity of vascular plants is also generally lower in hy-
persaline wetlands than in other wetland types.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate to high. Salinity can be a
major predictor of aquatic diversity in land-locked, brackish, coastal lagoons
(Barnes 1988).

Measure: Determination of the salinity or conductivity of the wetland.

Directness of Measure: High.

49. Aquatic Habitat Features

Ranking: Riverine wetlands containing relatively equal proportions of
pools (or backwater sloughs) and riffles are more likely to support a notably great
on-site diversity and/or abundance of fish and invertebrates. Straight, feature-
less channels and embayments are less likely to have diverse aquatic faunas.

Rationale: Because many aquatic organisms show preferences for specific
substrate types, water velocities, and depths, wetlands with a high diversity of
these characteristics have higher fish and invertebrate species richness and
abundance (Day and Pearcy 1968/OR:M, Gorman and Karr 1978/IN:R, Moyle
and Cech 1982/*, MacDonald et al. 1987/BC:Eem, Scamecchia and Bergersen
1987/CO:R, Schlosser 1987/IL:R).

Habitat complexity, and thus aquatic diversity/abundance, in riverine wet-
lands is particularly likely to be associated with pools, which provide nursery
areas for young fish (Bustard and Narver 1975/BC:R, Levy and Northcote
198 I/BC:Eem; Peterson 1982a/AK:Mb; Heifetz et al. 1986/AK:R). Deeper
pools are also used by large adult fishes as refuges during low-flow periods.
Pools sometimes support more aquatic invertebrates than do riffles (McDowell
and Naiman 1986/QUE:R), although their availability to fishes may be greater
in riffles (Hynes 1970/*R, Power and Matthews 1983/OK:R, Schlosser
1987/IL:R).

In riverine wetlands, habitat complexity and increased secondary produc-
tion are also associated with increased presence of undercut banks and large
woody debris (Marzolf 1978/*fo, Smock et al. 1985/SC:R, Harmon et al.
1986/*fo).

Confidence In Ranking: High.
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Potential Importance to Function: Moderate.

Measure: Determination of whether a riverine wetland has an adequate
mixture of riffles and pools, backwaters, or similar slow-water areas. The pool-
riffle ratio thresholds are based on best habitat for coldwater fish given by Nun-
nally and Keller (1979/*R) and are probably not universally applicable.

Directness of Measure: Moderate.

52. Freshwater Invertebrate Density

Ranking: Wetlands that have high aquatic invertebrate densities are more
likely to support a notably great on-site diversity and/or abundance of fresh-
water fish species.

Rationale: Freshwater fish production is generally, but not always, corre-
lated with aquatic invertebrate production (Hynes 1970/*R, Binns and Eiserman
1979/WY:R).

Confidence in Ranking: Moderate. Terrestrial insect inputs may be at least as
great as aquatic invertebrate production in lower order riverine wetlands. Factors
other than food are frequently more prevalent as limitations.

Potential Importance to Function: High.

Measure: Determination of the wetland's benthic and epibenthic macroinverte-
brate densities during the growing season.

Directness of Measure: High. Thresholds are based on a limited review
of the literature and are mainly applicable to benthic communities of riverine
systems. Maximum macroinvertebrate biomass on wetland plants themselves
(epiphytic fauna) may exceed 9,714 kg per kilogram of plant (wet weight)
(Schramm et al. 1987).

53. Tidal Flat Invertebrate Density/Biomass

Ranking: Estuarine/marine/riverine wetlands that have high tidal flat in-
vertebrate densities are more likely to support a great on-site diversity and/or
abundance of fish and invertebrates.

Rationale: Numerous fish and invertebrate species consume tidal flat
invertebrates. High productivity of such fauna may depend on high densities
of tidal flat invertebrates (Tyler 1971, Peterson and Peterson 1979/*NC:E,
Whitlatch 1982/*E).

Confidence In Ranking: Moderate.
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Potential Importance to Function: High.

Measure: Determination of the density and biomass of macroinvertebrates
in the tidal flats of the wedand.

Directness of Measure: High. Thresholds are based on the review by Diaz et
al. (1982).

55. Suspended Solids

Ranking: Wetlands that receive runoff or surface waters with low levels of
suspended solids (especially inorganic) (usually less than 80 mg/l and never ex-
ceeding 200 mg/I) are more likely to support a notably great on-site diversity
and/or abundance of fish and invertebrates.

Rationale: High levels of suspended solids can have detrimental impacts
on aquatic life, both direct (e.g., clogged gills) and indirect (e.g., effects on
spawning area suitability, fish movements, and the food chain, which result
from reduction in plant productivity due to blocking of solar radiation) (Fain-
worth et al. 1979/*). Although direct tolerance to turbidity is species specific,
estuarine and marine fishes as a whole tend to be more sediment-tolerant than
coldwater species, and adult stages more tolerant than egg or larval stages.

Data on tolerances of coidwater species are partly catalogued by Lloyd
(1987/*). Most coldwater species grow best at suspended solids concentra-
tions less than 80 mg/l, but concentrations less than 25 mg/I (about 5 NTU)
have been shown to be required for optimal aquatic invertebrate production
(Lloyd et al. 1987/AK:R). Suspended solids concentrations of as little as
35 mg/l and 10 NTU have resulted in reduced fish feeding (Bachman 1984,
Berg and Northcote 1985). Concentrations of 120 mg/l (or 25 NTU) reduce growth
of some coldwater fishes (Sigler et al. 1984).

For warmwater fish species associated with turbid waters or bottom habitats,
TSS concentrations of 1,000 mg/l may be tolerated by some species (Peddicord
and McFarland 1978/*). However, concentrations exceeding 500 mg/l may in-
hibit hatching success of some warmwater species, and relatively impoverished
fish and invertebrate communities were associated with turbidities exceeding
about 50 NTU in Southeast floodplain ponds (Cobb et al. 1984). In a deposi-
tional environment, invertebrate communities may be moderately impacted by
increases of less than 40 mg/l above background levels, and severely deci-
mated (60-percent reduction) by increases of over 120 mg/I above background
(Gammon 1970/IN:R). Turbidity can further exacerbate fish mortality by rais-
ing the water temperature and thus depleting dissolved oxygen (Reed et al.
1983/NC).

Confidence in Ranking: Moderate to high. Nutrients associated with
sediment runoff can sometimes be beneficial, and moderate concentrations of
suspended sediment may provide cover for some fish (McCrimmon 1954;
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Gammon 1970/IN:R; Cyrus and Blaber 1987a,b; Minello et al. 1987/KY:R).
Adverse effects on aquatic invertebrates are not inevitable (e.g., Rabeni and
Minshall 1977).

Potential Importance to Function: Moderate. In some estuaries (e.g.,
coastal Louisiana), progressive loss of wetland habitat is resulting from insuffi-
cient sediment.

Measure: Determination of the suspended solids level or Secchi disc reading
of runoff or surface water entering the wetland. Thresholds are from data sum-
marized by Lloyd (1987/*) and Wesche and Rechard (1980/*R), as well as water
quality codes of several states.

Directness of Measure: Moderate. Suspended solids, while correlated with
turbidity, are not identical. Secchi disc readings are somewhat subjective and
may be inaccurate in highly stained waters. Data from measurements taken
over many seasons and hydrologic events are preferred.

56. Dissolved Solids or Alkalinity

Ranking: Wetlands with low (less than 20 mg/1 CaCO3) alkalinity are less
likely to support this function. Also, wetlands with either low (less than 7) or
high (greater than 35) morphedaphic indices (total dissolved solids/mean depth)
are more likely to support a notably great on-site diversity and/or abundance of
fish and invertebrates.

Rationale: Moderately elevated alkalinity levels usually are associated with
increased fish standing crop (Ryder 1965, Jenkins and Morais 1971/L, Scarnecchia
and Bergersen 1987/CO:R).

Confidence in Rankink: High. This relationship is less certain in coldwater
riverine environments (Hynes 1970/*R), at alkalinity levels greater than 40 mg/l
(Moyle 1956/), and for wetlands with heavy angling pressure or large inputs
of domestic waste.

Potential Importance to Function: Moderate. Sportfish harvest in Mid-
western lakes and reservoirs was more strongly correlated with chlorophyll-a
concentrations over the range 0.008 to 0.060 mg/I than with alkalinity or the
morphedaphic index (Jones and Hoyer 1982).

Measure: Determination of the alkalinity of wetland water and the morphe-
daphic index of the wetland. Threshold levels for the morphedaphic index are
from the empirical study of Jenkins and Morais (197 I/L) and represent maxi-
mum yields of reservoir fish. The 20-mg/l alkalinity threshold is similar to
that given by Fried (1974/*NY), Larson (1976/*MA), and many state water
quality codes. This threshold relates mainly to freshwater primary productivity.

Directness of Measure: Moderate.

176 Prediction of Wetland Effectiveness and Opportunity WES TR WRP-DE-2, October 1991



3.8 Aquatic DiveWsity/Abundance Chapter 3.0

57. Eutrophic Conditions

Ranking: Oligotrophic wetlands are less likely to support a notably great
on-site diversity and/or abundance of fish and invertebrates.

Rationale: Fish biomass has been significantly correlated with nitrate con-
centrations up to approximately 2.0 mg/l (Binns and Eiserman 1979/WY:R).
Yield may also be correlated with phosphorus (Jones and Hoyer 1982). Wet-
land invertebrate production responds positively to moderate nutrient enrich-
ment, at least in oligotrophic or low-alkalinity systems (Cyr and Downing
1988, Welch et al. 1988). Particulate organic matter concentrations of 300 to
600 mg/m3 in the outfalls of lakes tended to produce the greatest invertebrate
species richness in 13 Montana streams (Perry and Sheldon 1986/MT:L,R).

Aquatic macrophyte richness also can be greater (at least in initially acidic
wetlands) if wetlands are exposed to nonpoint-source nitrogen enrichment (Eh-
renfeld 1983/NJ:P). In the same situation, more plant species were endemic
to enriched sites than to pristine sites (Morgan and Philip 1986). However, if
existing alkalinity levels are at'least moderate, enrichment has relatively little
effect on aquatic bed plants (Madsen and Adams 19881WI:R). Moderately
eutrophic conditions can also enhance protozoan colonization of wetlands
(Henbry and Cairns 1984), amphibian richness (Beebee 1987/UK:Pemn), bird rich-
ness (Harris and Vickers 1984/1FL:P), and can reduce the effects of chemical
toxicity (Fairchild et al. 1984).

Confidence in Ranking: Moderate. Greatest plant richness in some
riverine wetlands occurred at sites with less phosphorus enrichment, low plant
densities, little plant litter accumulation, and intermittently exposed hydroperiod
(Day et al. 1988). Eutrophication can also shorten food chains and reduce top
predators in lakes (Odum 1985/*).

Potential Importance to Function: Moderate.

Measure: Determination of water nutrient levels or their indicators in rela-
tion to threshold levels. Thresholds are from Vollenweider (1976), Binns and
Eiserman (1979/WY:R), and Taylor et al. (1980).

Directness of Measure: Low.

61. Dissolved Oxygen

Ranking: Wetlands where dissolved oxygen concentrations are greater than
4 mg/l and 60 percent saturation are more likely to support a notably great on-
site diversity and/or abundance of fish and invertebrates than those with lower
DO concentrations.

Rationale: Adequate DO is physiologically essential to all fishes and in-
vertebrates (Hynes 1970/*R, Moyle and Cech 1982/*) and often naturally limits
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the richness of invertebrate (Ziser 1978/LA:fo) and fish (Tonn and Magnuson
1982/WI:L,P) communities in wetlands.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of DO concentration of water in wetland.

Directness of Measure: Moderate.

3.9 Wildlife Diversity/Abundance

1. Climate (predictor for breeding,
migration, and wintering)

Ranking: Wetlands in areas where evaporation exceeds precipitation are
most likely to support a notably great on-site diversity and/or abundance of
wetland-dependent birds. Wetlands not prone to icing are more likely to sup-
port a notably great on-site diversity and/or abundance of wetland-dependent
birds.

Rationale: Wetlands located in precipitation deficit regions are likely to pro-
vide habitats that are extremely limited in availability and distribution. Wetland
water levels in such regions are dynamic; this condition increases the
mobilization and cycling of nutrients, which in turn results in high biotic den-
sities and diversity. Climate is also used as a classification variable in the
Habitat Suitability evaluations of Volume II, inasmuch as wetlands prone to
winter icing receive less use (e.g., Morton et al. 1987/VA:EP).

Confidence in Ranking: Low.

Potential Importance to Function: Moderate.

Measure: Determination of whether the wetland is located in a precipitation-
deficit region or whether on-site evaporation exceeds precipitation.

Directness of Measure: Low.

2. Acreage (predictor for breeding,
migration, and wintering)

Ranking: Larger wetlands (or those directly connected to large water bodies
or tracts of suitable undeveloped habitat) are more likely to support a notable
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on-site diversity and/or abundance of wetland-dependent birds than are small
wetlands.

Rationale: Larger wetlands usually provide a greater variety of physical
habitat and food resources than do small wetlands. The need for area differs
greatly by species. Increasing the size of small areas usually has a greater im-
pact on species richness than increasing the size of large areas (MacArthur and
Wilson 1967, Harris 1984/*fo). Species richness in large areas may be in-
fluenced more by internal habitat heterogeneity and isolation from similar
habitat (Askins et al. 1987). Small and/or narrow wetlands, because they are
more exposed to the effects of adjoining habitat, are more vulnerable to effects
of habitat degradation caused by sedimentation, trampling, drought, and hydro-
period alteration. Their fauna is also more susceptible to loss associated with
predation (Bostrom and Nilsson 1983/EU:P, Andren et al. 1985/EU:fo, Wil-
cove 1985) and human disturbance. However, small wetlands may have great
regional significance in areas lacking many wetlands.

For nonforested wetlands, breeding waterbird density generally increases with
area size, at least in prairie potholes (Patterson 1976) and peat bogs (Bostrrm and
Nilsson 1983/EU:P, Lahti and Ranta 1985/fo). Larger wetlands tend to have
proportionally richer nesting avifauna (Brown and Dinsmore 1988/IA:Pem).

Emergent wetlands less than 3 acres in size may not provide all the habitat
needs for some breeding dabbling ducks (Dzubin 1969). Some waterbird
species need large areas for molting and roosting (Hoy 1987/fX:L). To sup-
port the breeding of a diverse (24 species) regional avifauna, a cumulative wet-
land acreage of 200 to 900 acres is probably needed (Brown and Dinsmore
1986/IA:Pem).

For forested wetlands, species richness and density of songbirds, particular-
ly of certain characteristic "forest interior" species, increase with the size of
the forested tract (Galli et al. 1976/NJ:fo, Robbins 1979/MD:fo, Ambuel and
Temple 1983/WI:fo, Blake and Karr 1984/1L:fo, Harris 1984/*fo, Lynch and
Whigham 1984/MD:fo, Askins et al. 1987), even when habitat complexity and
richness do not seem to increase with area (Moller 1987/EU:fo, Blake and
Karr 1987/IL:fo).

Confidence in Ranking: Low to moderate. Large fringe wetlands are
more likely to be exposed to severe winds and waves, which stress wildlife
and reduce abundance of some foods (see Predictor 18" Large fringe wet-
lands often attract recrettionists, and the resultant disturbance may reduce
wildlife diversity or use (see Predictor 30). An equivalent total acreage of
smaller wetlands may provide a greater cumulative benefit to wetland wildlife,
because variety in habitat structure and productivity is generally greater
among a set of many small habitats than in a single large one (Dzubin 1969,
Wilson and Willis 1975, Ruwaldt et al. 1979/SD:Pem, Weller 1979/*, Simber-
loff and Abele 1982/FL, Kantrud and Stewart 1984/ND:Pem, Brown and
Dinsmore 1986/IA:Pem, Lahti and Ranta 1986/fo). Relatively high densities
of nesting waterfowl occasionally occur in fringe wetlands as small as
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0.6 to 1.2 acres, and brood densities may be highest in some regions in wet-
lands of 1.3 to 3.7 acres (Hudson 1983/MT:Pem).

Potential Importance to Function: Moderate. Other factors such as
habitat richness and type (Boecklen 1986, Martin 1986/AZ:fo, May 1986/*,
Freemark and Merriam 1986/Ont:fo), the degree of contrast with the richness
and productivity of adjoining uplands (Angelstam 1986/EU:fo), and regional
wetland density, i.e. isolation (Brown and Dinsmore 1986/IA:Pem) may be
stronger predictors of faunal diversity, at least in regions with abundant wetlands.

Measure: Determination of wetland acreage. The 5-acre minimum
threshold is arbitrary.

Directness of Measure: Moderate.

3. Complex, Cluster, Oasis (predictor
for breeding, migration, and wintering)

Ranking: A wetland that is the only wetland within a wide area (an oasis),
or is part of a dense regional cluster or complex (or is singularly very large),
is more likely to exhibit notable on-site diversity and/or abundance of wetland-
dependent birds.

Rationale: Oasis wetlands draw in wildlife from large areas, and thus
assume disproportionate importance (Weller and Fredrickson 1974/IA:Pem).
Riparian systems in the West and forested wetlands in the Southeast and Mid-
west, for example, often provide the only structurally complex habitat in
regions dominated by open land or land cleared for agriculture; they may have
much higher diversities and/or densities of wildlife than do upland systems
(Hooper 1967/VA:fo, Austin 1970, Bottorff 1974/CO:fo, Gaines 1974/CA:fo,
Blem and Blem 1975/IL:fo, Lewke 1975/WA:fo, Stevens et al. 1977/*, Dick-
son 1978/*, Hair et al. 1978, Knopf 1986/CO). Riparian areas also serve as im-
portant travel corridors for many wildlife species. Oases may also serve as
"relict" areas for rare species, or as vital stop-over habitats for migrating birds.

Complex/cluster wetlands are important because they provide diverse
habitats (Dzubin 1969, Ruwaldt et al. 1979/SD:Pem, Weller 1979/*, Kantrud
and Stewart 1984/ND:Pem, Brown and Dinsmore 1986/IA:Pem). For example,
in the Prairie Pothole Region, areas with 5 basins (wetlands) per square
kilometer were used by gadwalls, whereas those with only 2.8 wetlands/ km2

were not (Leitch and Kaminski 1985/SAS:Pem). The importance of singular-
ly large wetlands, which may qualify as clusters in Volume II, is discussed
above under Predictor 2.

Confidence In Ranking: High. Preliminary analyses of coastal nesting bird
colonies, however, failed to show a statistically significant relationship between
colony size and surrounding wetland area (Erwin et al. 1987/US:E).
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Potential Importance to Function: Moderate.

Measure: Determination of the proximity of the wetland to other wetlands,
and whether the wetland can be classified as an oasis or part of a cluster. The
cluster and oasis size thresholds, which are equal to 20 percent of the estimated
mean statewide density of wetlands (acres/square mile), are arbitrary.

Directness of Measure: Low. Criteria for cluster and oasis are best derived
through analysis of the home range and energetics of the particular species present.

4. Location and Size

4.1 Proximity to Tidal Waters,
the Great Lakes, or a Major River
(predictor for migration and wintering)

Ranking: Wetlands located close to tidal waters, the Great Lakes, or a major
river are more likely to support a notable on-site diversity of wetland-dependent
birds than are those not located near such a body of water.

Rationale: Migratory waterfowl travel major river courses (Craighead and
Craighead 1949/WY:Rem, Golet and Larson 1974/*MA, Bellrose 1976/*, Ravel-
ing 1977tMAN), and tidally influenced wetlands are of major importance to
wintering waterfowl (Weller 1975/*, Diefenbach et al. 1988). The Great
Lakes are particularly important as staging areas and migration corridors for
waterfowl (Bellrose 1976/*). Thus, wetlands in close proximity to these areas
may be important during migration and wintering.

Confidence in Ranking: Moderate.

Importance to Function: Moderate.

Measure: Determination of the proximity of the Great Lakes, tidal waters, or
major rivers. The 5-mile threshold is arbitrary.

Directness of Measure: Low.

4.2 Watershed Size (predictor for breeding)

Ranking: Wetlands with larger watersheds are more likely to support notably
great on-site diversity and/or abundance of wetland-dependent birds compared
to those with smaller watersheds.

Rationale: Wetlands with larger watersheds are more likely to persist than
those with smaller watersheds. Also, larger watersheds provide a greater
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source area for nutrients to the wetland, perhaps making the wetland more
productive.

Confidence in Ranking: Low. The dynamic water levels that characterize
headwater wetlands (i.e., isolated wetlands in small watersheds) usually sup-
port greater nutrient cycling, invertebrate food production and, thus, wildlife
than do the more stable water levels of isolated wetlands in large watersheds.

Potential Importance to Function: Moderate.

Measure: Determination of the wetland's watershed size. The 1-square mile
threshold is arbitrary.

Directness of Measure: Low.

7. Gradient (predictor for breeding)

Ranking: Wetlands with lower gradients are more likely to exhibit a
notable on-site diversity and/or abundance of wetland-dependent birds than
are wetlands with steep gradients.

Rationale: Water velocity usually increases with increasing gradient.
Extreme water velocities may keep sediments in suspension, thus inhibiting
wetland establishment and persistence and reducing the availability of food
organisms. Extreme velocities are also avoided by most wetland wildlife.

Confidence in Ranking: Low.

Potential Importance to Function: Low to moderate.

Measure: Deteanination of gradients in relation to threshold levels neces-
sary to create depositional velocity conditions.

Directness of Measure: Low.

8. Inlets, Outlets (predictor for breeding,
migration, and wintering)

Ranking: Wetlands with permanent outlets are more likely to support a
notably great on-site diversity and/or abundance of wetland-dependent birds
than are wetlands without permanent outlets.

Rationale: Wetlands without outlets tend to concentrate toxicants when toxi-
cants are presenL Accumulation of peat may limit aquatic food chain productiv-
ity and diversity, at least in cooler climates. Preferences of particular species for
connected versus isolated wetlands are documented by Craighead and Craighead
(1949/WY:Rem), Coulter and Miller (1968/ME,VT), Kitchen and Hunt (1969/WI),
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Reed and Moisan (1971/QUE.Eem), Stewart and Kantnmd (1973/ND:Pem),
Dawe and Davis (1975/BC), Raveling (1977/MAN), and Hepp and Hair (1979).

Confidence in Ranking: Low. In some regions (e.g., Prairie Pothole) iso-
lated wetlands are exceptionally productive and critical to wildlife.

Potential Importance to Function: Low to moderate.

Measure: Determination of presence or absence of permanent outlets.

Directness of Measure: Low.

10. Wetland System (predictor for breeding)

Ranking: Lacustrine, palustrine, or riverine wetlands are more likely to
support a notably great on-site diversity and/or abundance of wetland-dependent
birds during the breeding season than are estuarine systems. Marine wetlands
are least likely to support a notable diversity and/or abundance of breeding
wetland-dependent birds.

Rationale: Lacustrine, palustrine, and riverine systems provide the habitat
richness necessary to support a diversity of wetland-dependent bird species.
Monotypic tidal salt marshes (estuarine intertidal emergent wetlands) typically
support fewer species as nesters than do most freshwater wetlands. Marine
wetlands also have fewer nesting bird species, partly because physical cover is
lacking. Estuarine wooded (e.g., mangrove) wetlands can support substantial
numbers of breeding colonial waterbirds including herons, egrets, ibises, and
roseate spoonbills (Soots and Landin 1978/*). Unconsolidated shores in
estuarine systems also can support substantial colonies of breeding waterbirds
such as pelicans, black skimmers, and several tern species (Soots and Landin
1978/*). Thus, even though the diversity of breeding birds in estuarine sys-
tems may not be great, some types of estuarine wetlands support substantial
numbers of a few colonial nesting species. For migratory waterbirds, estuarine
systems are extremely important.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of wetland system (and subsystem if tidal riverine)

Directness of Measure: Low. Salinity (see Predictor 48) is a more direct
predictor.
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12. Vegetation Class/Subclass (Primary)
(predictor for migration and wintering)

Ranking: Wetlands dominated by forested or scrub-shrub vegetation are
more likely to support a notable on-site diversity and/or abundance of migrat-
ing and wintering wetland-dependent birds.

Rationale: Forested and scrub-shrub vegetation generally provide more
habitat structure through vertical layering and increased patchiness resulting
from horizontal overlap of layers (Roth 1976). As a result, these areas can
support a wider species diversity than vegetation forms that are less complex.
See Predictor 17.

The habitat suitability evaluation for individual waterfowl groups (Table 2)
is supported, in the case of this predictor, by the following:

N..tlng/Sumnmerlng:

Group 1: Krapu 1974/ND:Pem; Stewart and Kantrud 1974/ND:Pem; Belirose 1976,1979/*;
Kantrud and Stewart 1977/ND:Pem; Peterson and Low 1977/UT:Pem; Swanson 1977;
Dwyer et a]. 1979/ND; Flake 1979r, Ruwaldt et al. 1979/SD:Pem, Mack and Flake
1 98015D:Pem.

Group 2: Hanson et al. 1949; Mendall 1949/ME; Parnell and Quay 1962/NC:em; Coulter
and Miller 19681ME,VT; Prince 1968/NB; Cowardin 1969/NY:fo; Erskine 1971 /NS; Reed and
Moisan 1971/QUE:Eem; Renouf 1972/NB; Gilmer et al. 1975/MN:em; Reed 1975/QUEitem;
Belirose 1976,1979r; Fefer 1977/ME:P; Landers et al. 1977/SC:FO; Flood et al. 1979r; Hepp
and Hair 1979; Reinecke and Owen 1980/ME:em.

Group 3: Kitchen and Hunt 1969/WI, Erskine 1971/NS, Renouf 1972/NB, Belirose 1978/*.

Group 4: Hanson et al. 1949, Mendail 1958NVT,NH,ME, Prince 1968/NB, Renouf 1972/NB.
Bellrose 1976r', Fefer 1 977/ME:P.

Groups 5 and 6: Bergman 1973/Man:Lab, Thompson 1973. Stewart and Kantrud
1 974/ND:Pem, Bellrose 1976/*. Kantrud and Stewart I 977/ND:Pem, Sugden 1978.

Group 7: Craighead and Craighead 1949fWY:Rem, Dawo and Davis 1975/BC. Bollrose
1978/*, Raveling 1977/MAN.

Migration/Wintering

Group 1: Allan 1 956/Eem, Cronan and Halla 1 968/RI. Cowardin 1 969/NYifo, Palmisao
1973/'Eem, Chabreck et al. 1975/LA:Tem, Bellrose 1976/*. Chabreck 1979/'b, Joyner
1980/ONT:Pem, Gordon et al. 1987/SC:E,P.

Group 2: Mendall 1949/ME; Hartman 1 960/ME:tem; Palmisano 1 973/'Eem; Bellrose
1978/*; Landers et al. 1976, 1977/SC:Eem; Chabreck 1979/*b; Odumn et al. 1979/'Eem; Allen
1980/TX; Gordon et al. 1987/SC:E,P.

Confidence in Ranking: Moderate to high.

Potential Importance to Function: High.

Measure: Determination of vegetation class and subclass of the wetland.

Directness of Measure: Moderate.
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14. Islands (predictor for Table 2
breeding) Harvested Waterfowl Species Groups

for Which Breeding, Migration, and
Ranking: Wetlands on or associated with Wintering Habitat Suitability Can Be

islands are more likely to support a notably Evaluated by WET
great on-site diversity and/or abundance of
breeding wetland-dependent bird species. Greup Species Description

1 Prairie dabblers

Rationale: Islands are important to 2 Black duck

nesting waterbirds because of the following
characteristics: relative freedom from 3 Wood duck

predation; greater capacity for territorial oc- 4 Common/red-breasted mergansers
cupancy because of the increased shoreline
available; and proximity of water, food, 5 Hooded merganser
loafing, and nesting cover (Hammond and 6 Canvasback, redhead, ruddy duck
Mann 1956:345/MA:P). The importance of
islands to particular species has been docu- 7 Ring-necked duck

mented by Schreiber (1977,1979), Chaney et 8 Scaup (greater and lesser)
al. (1978), Buckley and Buckley (1980/*),
Briggs et al. (1981/CA:M,E), Duebbert et 9 Common goldeneye

al. (1983/ND,SD,MT:P), Hines and 10 Bufflehead

Mitchell (1983/SAS:Pem), and others.
11 Fulvous and black-bellied whistling ducks

Confidence in Ranking: High. Canada, white-fronted, snow and Ross'
12 geese

Potential Importance to Function: 13 Tundra swan
Moderate. Effect depends also on the size
of the island and distance from mainland. 14 Brant

Measure: Determination of whether the wetland is located on or associated
with an island. Size and distance thresholds are arbitrary.

Directness of Measure: Low.

15. Vegetation/Water Interspersion (predictor
for breeding, migration, wintering)

Ranking: Wetlands with good vegetation-water interspersion are more like-
ly to support a notably great on-site diversity and/or abundance of wetland-de-
pendent birds.

Rationale: High vegetation-water interspersion is important because of
the increased variety of vegetation types and cover conditions that results
from such interspersion. Contact zones between open water and vegetation pro-
vide ready protection from wind, waves, and predators, and may provide natural
territorial boundaries (Golet and Larson 1974/*MA) and/or isolating cover for
breeding waterfowl (Murkin et al. 1982/MAN). Water-vegetation transition
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zones also provide habitat elements for both open-water species and species
inhabiting adjacent vegetation (Weller and Spatcher 1965/IAM:Pem, Willard
1977). In addition, these transition zones are inhabited by species that are
adapted specifically to the edge environment (e.g., yellow-headed blackbirds,
gallinules, American coots, least bitterns, ruddy ducks, and redheads). See
also Predictor 31.

Confidence in Ranking: Moderate to high. Ringleman and Longcore
(1982/ME:P) and Rumble and Flake (1983) found no correlation between duck
use and edge indices for the range of values they considered.

Potential Importance to Function: High.

Measure: Determination of relative vegetation-water interspersion.

Directness of Measure: Moderate.

16. Vegetation Class Interspersion (predictor
for breeding, migration, and wintering)

Ranking: Wetlands with well interspersed vegetation classes are more like-
ly to support a notable on-site diversity and/or abundance of wetland-
dependent birds.

Rationale: Most species require several different cover types in one area to
meet their requirements for food, shelter, nesting, loafing, and protection from
predators (e.g., Dzubin 1969, Dwyer et al. 1979/ND, Ruwaldt et al. 1979/SD:Pem).
The less energy expended in moving from one cover type to another in order
to meet life requisites, the more suitable the area (Leopold 1933/*). As dis-
cussed for Predictor 15 (Vegetation-Water Interspersion), increased intersper-
sion also results in an increased amount of edge habitat, which is important to
species diversity (Harris et al. 1983/WI:P).

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the horizontal pattern of vegetation class inter-
spersion.

Directness of Measure: High.
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17. Plant Form Richness (predictor for breeding,
migration, and wintering)

Ranking: Wetlands with numerous well interspersed vegetation forms are
more likely to support a notable on-site diversity and/or abundance of wetland-
dependent birds.

Rationale: The presence of several vegetative zones or vertical strata en-
courages breeding bird use of semipermanent and seasonal wetlands (Kantrud
and Stewart 1984/ND:Pem). Marshes with complex plant zonation provide
several layers of vegetation, which in turn provide an increased number of avail-
able niches for breeding birds (Coulter and Miller 1968/ME,VT, Krapu 1974/
ND:Pem, Landers et al. 1977/SC:FO, Swanson and Meyer 1977/ND, Well"er
1978/*, Dwyer et al. 1979/ND, Flake 1979/*, Flood et al. 1979/*, Hepp and
Hair 1979, Ruwaldt et al. 1979/SD:Pem). Increased patchiness helps explain
why scrub-shrub areas have more species than some forested areas, even though
scrub-shrub habitat has fewer vertical layers than most forested habitat (Roth 1976).

In forested areas, bird use is strongly tied to the diversity of vegetation life
forms (Swift et al. 1984) and tree species (Trainer and Suhrweir 1975). Bird
species diversity increases as the number and density of foliage layers in-
crease (MacArthur and MacArthur 1961/fo, MacArthur et al. 1964/fo, Karr
and Roth 1971/IL:R, Willson 1974, Roth 1976). Adding a tree layer to an area
greatly increases breeding bird richness (Wilson 1974). See also Predictor 12
(Vegetation class/subclass) and Predictor 16 (Vegetation Class Interspersion).

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the number of vegetation classes and subclasses
found in the wetland. All thresholds are arbitrary.

Directness of Measure: Moderate to high.

18. Shape of Upland/Wetland Edge (predictor for
breeding, migration, and wintering)

Ranking: Wetlands in which the wetland-upland edge is irregular are more
likely to support a notably great on-site diversity and/or abundance of wetland-
dependent birds.

Rationale: Wetlands having a sinuous or irregular shape are likelier to
have a greater interspersion of cover types and more edge. For ponds of equal
area, higher brood densities have been observed on more irrcgularly shaped
ponds (Hudson 1983/MT:Pem). A size of 5 acres provides the best ratio of
shoreline length to surface area (Millar 197 1/P). Sinuous wetlands also provide
greater resistance to water flow, resulting in lower water velocities, which are
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generally preferred by waterfowl (especially dabbling ducks and geese). See
also Predictors 15 and 16.

Confidence in Ranking: Moderate.

Potential Importance to Function: Low.

Measure: Determination of whether the wetland-upland edge is irregular.

Directness of Measure: Low.

19. Fetch/Exposure (predictor
for breeding and wintering)

Ranking: Sheltered wetlands are more likely to support a notable on-site
diversity and/or abundance of breeding and wintering wetland-dependent birds.

Rationale: Sheltered areas, lacking wave scour, may host a greater abun-
dance of food and cover, making these areas attractive to waterfowl, wading
birds, and aerially foraging species. Also, particularly in winter, sheltered areas
may reduce metabolic stresses associated with inclement weather. For ex-
ample, during the day, open water on a reservoir was used proportionately less
by all duck species except migrating redheads; however, open water was used
by ducks for roosting (Hoy 1987/TX:L).

Confidence in Ranking: Low to moderate. In areas experiencing winter
freezing, exposed areas may remain open longer, making them attractive to
waterfowl. Also, large open areas can be more important than vegetated wet-
lands for waterfowl roosting and molting (Hoy 1987/TX:L).

Potential Importance to Function: Moderate.

Measure: Determination of the fetch and whether at least 1 acre of the
wetland is sheltered.

Directness of Measure: Moderate.

20. Vegetative Canopy (predictor for breeding)

This predictor pertains specifically to nontidal wetlands with a channel
(i.e., streambank vegetation canopy).

Ranking: Wetlands adjacent to an upland that shades a significant portion
of the wetland at midday are more likely to support a notable on-site diversity
and/or abundance of wetland-dependent birds.
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Rationale: Adjacent forested uplands that provide shade at midday may
moderate the microclimate of wetlands (Johnson and Beck 1988/*). Vegetated
contiguous uplands also reduce nonpoint pollution associated with watershed
disturbances (Mussallem and Lynch 1980/*, Gosselink and Lee 1987/*) by
preserving channel stability, retarding runoff, and trapping sediments and
nutrients (Brinson et al. 198 la/*fo; see also Section 3.5, Predictor 36). As a result,
loss of species is minimized in wetlands adjacent to large undeveloped uplands.
For example, Stauffer and Best (1 980/IA:fo) found that a corridor of at least
600 feet was needed to maintain some breeding bird species in Iowa. A similar
width was required by many breeding birds in Virginia (Tassone 1981/VA:fo).
Also see Predictor 21.

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate.

Measure: Determination of the presence of sufficient vegetative canopy
(or topographic relief) in and around the wetland to shade at least 80 percent
of the wetland's shallow-water area. The 80-percent threshold is arbitrary.

Directness of Measure: Moderate.

21. Land Cover in the Watershed (predictor for breed-
ing, migration, and wintering)

Ranking: Wetlands having watersheds not dominated by impervious surfaces
are more likely to support a notable on-site diversity and/or abundance of wetland-
dependent birds. During migration and wintering, wetlands having watersheds
dominated by cultivated agricultural areas are more likely to provide notable
on-site diversity of wetland-dependent birds, especially waterfowl.

Rationale: No essential cover is provided by impervious surfaces that ac-
company urban development High levels of human visitation in urban settings
may also discourage wildlife use (Simpson and Kelsall 1979, Ream 1980/*,
Ryder et al. 1980, Vaske et al. 1982, Dickman 1987/UK:fo; see also Predictor 30),
as may contaminants (see Predictor 27).

Cultivated areas, when associated with wetlands, provide feeding areas for
migratory and wintering wildlife, especially waterfowl (Carothers et al. 1974/fo,
Whitmore 1975/UT:fo, Conine et al. 1978, Chabreck 1979/*b, Heitmeyer and
Frederickson 198 1/LA,MO,AR:fo, Guthery et al. 1984/TX:P). Also, by eliminat-
ing natural cover, agricultural areas tend to focus bird use on remaining wetlands.

Relative preferences of waterfowl for different terrestrial cover types has
been documented for particular species as follows (1 = preferred, where it sur-
rounds wetland; "Group" refers to the waterfowl groups listed in Table 2):

WES TR WRP-DE-2, October 1991 Prediction of Wetland Effectiveness and Opportunity 189



Chapter 3.0 3.9 Wildlife Diversity/Abundance

Forested or
Group Scrub Grassland Cropland Developed

1 2 2 1-2 2-3
2 1-2 2 2 2-3
3-6,8 1 1 1 1-2
7,9 2-3 2 1 2-3

Group 1: Glover 1956/IA:Pem, Gates 1965/Wh:Pem, Evans and Wolfe 1967/NE:Pem, Martz
1967/ND, Jarvis and Harris 1971/OR:Pem, Oetting and Cassel 1971. Bellrose 1976r,
Duebbert and Lokemoen 1976/SD:em, Higgins 1977/ND:Pem, Vorhees and Cassel 1980.

Group 2: Coulter and Miller 1968/ME,VT, Prince 1968/NB, Ranouf 1972,'NB, Reed
1975/QUE:tem, Bellrose 1976/*, Fefer 1977/ME:P, Landers et al. 1977/SC:FO, Flood at al.
1979/*.

Group 3: Hanson ot al. 1949, Kitchen and Hunt 1969/Wl, Beolrose 1976/°.

Group 4: Hanson at al. 1949, Mendall 1958NT,NH,ME, Prince 1968/NB, Bellrose 1976r.

Groups 5 and 6: Bellrose 1976r, Sugden 1978.

Group 7: Craighead and Craighead 1949/WY:Rem, Dawe and Davis 1975/BC, Bellrose
1976/*, Raveling 1977/MAN.

Group 9: Bellrose 1976/.

Confidence in Ranking: Moderate to high. Urban wetlands occasionally
are used more by wildlife than are wetlands surrounded by forest or other
natural cover, due to the focusing of traditional wildlife use into a few relict
areas, or to the placement of cities at the mouths of rivers and other ecological-
ly rich sites traditionally used by wildlife (Erwin et al. 1987/US:E). Enriched
urban waters may also attract some species (e.g., Campbell 1984/UK:E).

Agricultural wetlands are occasionally used less than natural cover due to distur-
bance, increased predation, and contamination with pesticides and other substances
(Leitch and Kaminski 1985/SAS:Pem, Grue et al. 1986/*, Baines 1988/UK:Pem,
Klett et al. 1988). When use is encouraged to the point of causing overcrowding,
long-term adverse effects (i.e., disease outbreaks, vegetation denudation) may
result. Agriculture and other nutrient-enriching activities may trigger the follow-
ing sequence of problems in wetlands (Crowder and Bristow 1988/ONT:L).

For the waterfowl, the effect of inshore eutrophication is thus an initial in-
crease in food plants, a gradual replacement of favorite species by less desirable
plants, and finally a total loss of submersed and floating-leaved plants coincident
with an extension of cattail marsh. The extended marsh in turn declines, having
been exposed to wave erosion through loss of the deeper zones of vegetation.

Also, food chains become shorter due to the loss of top predators in

eutrophic lakes (Odum 1985/*).

Potential Importance to Function: Moderate.

Measure: Determination of the major land cover type in the wetland's
watershed.

Directness of Measure: Low.
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23. Dltches/Canals/Channellzatlon/Levees (predictor
for breeding, migration, and wintering)

Ranking: Wetlands without artificial structures that increase the flow of
surface water from the wetland are more likely to support a notably great on-
site diversity and/or abundance of wetland-dependent birds.

Rationale: Obviously, draining a wetland precludes use by wetland-dependent
species. Unditched marshes generally have longer hydroperiods, more consis-
tent water depths, richer food resources (see Predictor 23 in Section 3.8), and
more wildlife (Clarke et al. 1984/MA:Eem, Portnoy et al. 1987/M:Eem, Wilson et
al. 1987b/MA:Eem). Although ditched salt marshes sometimes have greater
wildlife diversity, unditched salt marshes often have more uncommon species
(Burger et al. 1982/NJ:Eem). Contiguous forested wetlands are often cleared
following stream channelization. Even when such wetlands are protected
from land clearing, after channelization they often change from dynamic wet
systems to drier habitats where flooding occurs infrequently and waterbird use
diminishes (Fredrickson 1979/MO:fo).

Confidence in Ranking: Moderate.

Potential Importance to Function: Moderate. The effect depends also
on the type of alteration, proximity, extent, construction methods, wetland
type, and other factors. Conversion of irregularly flooded (stupratidal) wetlands
to regularly flooded hydroperiods by means of ditching, as done for "open
marsh water management" for mosquito control, can maintain or increase
wildlife use (Meredith and Saveikis 1987/DE:tem).

Measure: Determination of evidence for alteration of the wetland's
hydrologic regime by ditches, canals, levees, or similar artificial features that
cause surface water to leave at a faster rate than it would if these structures
were not present.

Directness of Measure: Moderate.

27. Contaminant Sources (predictor for breeding)

Ranking: Wetlands free of potential sources of toxic material are more
likely to support a notable on-site diversity and/or abundance of breeding wet-
land-dependent birds.

Rationale: Input of toxic materials may reduce wildlife populations directly
by causing mortality and decreased productivity, or indirectly by impacting the
habitat (Crowder and Bristow 1988/ONT:L). Reductions in waterfowl use
have been correlated with degraded water quality (e.g., Reichholf 1976/EU).
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Coridence in Ranking: High. The effect depends also on the type of
contaminant, proximity, season of application, wetland type, consumer behavior,
and other factors.

Potential Importance to Function: High. Atmospheric sources of metals
and synthetic organics (via deposition or precipitation) may occasionally be sig-
nificant as well (Lazrus et al. 1979, Rappaport et al. 1985/U.S.).

Measure: Determination of sources of waterborne toxic substances such
as mines, landfills, leaking subsurface tanks, salt/brine seepage, pesticide-
treated areas, contaminated aquifers, oil contamination, irrigation return water,
industrial and sewage outfalls, or heavily traveled highways.

Directness of Measure: Low. Direct measurement of contaminant levels or
(better yet) wildlife exposure and accumulation in tissues is preferable to assum-
ing their presence based on potential sources. If sources are assumed, coin-
cidence of periods of maximum runoff and wildlife presence should be
considered, as some sources are associated only with seasonally intermittent ac-
tivities. Many areas that appear to be contaminated continue to attract wildlife (see
Predictor 21).

28. Direct Alteration (predictor for breeding,
migration, and wintering)

Ranking: Wetlands that have not been altered directly by tilling, filling,
excavation, addition of outlets where none existed before, or blockage of inlets
are more likely to support a notable on-site diversity and/or abundance of
wetland-dependent birds.

Rationale: Direct alteration of wetlands disrupts a variety of ecosystem
functions that affect wildlife populations. For example, tillage and excessive or
early mowing destroy cover for nesting birds (Duebbert and Frank 1984/ND,
SD:Pem, Kantrud and Stewart 1984/ND:Pem).

Confidence in Ranking: Moderate. The effect depends also on the type
of alteration, proximity, timing, extent, construction methods, age, wetland
type, and other factors.

Potential Importance to Function: High.

Measure: Determination of presence of direct alterations to the wetland
occurring within the last 3 years. The 3-year threshold is arbitrary.

Directness of Measure: Low.

192 Prediction of Wetland Effectiveness and Opportunity WES TR WRP-DE-2, October 1991



3.9 Wldife Ot1eny/Aburdanoe Chapter 3.0

30. Disturbance (predictor for breeding,
migration, and wintering)

Ranking: Wetlands without major, frequent disturbances are more likely to
support a notably great on-site diversity and/or abundance of wetland-dependent
birds.

Rationale: Human disturbance, such as hunting (Conroy et al. 1987/NJ:E,P,
Gordon et al. 1987/SC:EP) and people traveling on foot (Burger 1981/NY:Eem),
can discourage use of an area by wildlife (Pomerantz et al. 1988/*), especially
during the breeding season or during harsh weather. This is particularly true
for long-distance migrants that feed in large flocks at the ground or water level
(Batten 1977), colonial-nesting species (e.g., Williams and Martin 1970,
Markham and Brechtel 1979, Schreiber 1979, Tremnblay and Ellison 1979), and
large raptors (e.g., Stalmaster and Newman 1978/WA:fo). Disturbance reduced the
use of wetlands by waterfowl and nongamne waterbirds as well (Kaiser and Frit-
zell 1984/MO:R, Hoy 1987/IX:L).

Disturbance can also increase the food requirements of waterbirds.
Korschgen et al. (1985/MO:P,L) found that.only five boating disturbances per
day increased the energy requirements of canvasbacks by 20 percent, requir-
ing consumption of an additional 23 grams of food. Wintering bald eagles may
take flight when approached to a distance of 800 to 1,000 feet (Stalmaster and
Newman 1978, Knight and Knight 1984/WA:R). Motor boats can disturb water-
fowl up to 3,300 feet away (Hoy 1987/fX:L), which reduces the birds' energy
reserves.

Disturbance also can alter habitat by trampling and fire, particularly in less fre-
quently flooded wetlands and along wetland-upland transition zones (e.g.,
Cole and Marion 1988/*fo).

Confidence in Ranking: Moderate. Some species adjust somewhat to
human visitation. Moderate trampling of vegetation, as occurs with interme-
diate levels of humqn visitation, may improve interspersion and diversity of
plant forms in some situations, thus improving habitat (Racey and Euler
1982/ONT:fo). Wildlife density may consequently increase in some mildly
disturbed areas (Robertson and Flood 1980/ONT:L).

Potential Importance to Function: Low to moderate.

Measure: Determination of access and use of wetland areas by humans.
Depth and distance thresholds are arbitrary.

Directness of Measure: Low.
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31. Water/Vegetation Proportions (predictor for
breeding, migration, and wintering)

Ranking: Wetlands with relatively even proportions of vegetation and
water are more likely to support a notable on-site diversity and/or abundance of
wetland-dependent birds, primarily waterfowl.

Rationale: Edge length, but not surface water area, was positively corre-
lated with puddle duck production in the Prairie Pothole region (Mack and Flake
1980/SD:Pem). Maximum species richness and abundance occur when a well
interspersed cover-to-water ratio of 50:50 exists (Weller and Spatcher 1965/
IA:Pem). The greatest densities of nesting dabbling duck pairs tend to be as-
sociated with areas having a 50:50 open water-to-vegetation ratio (Kaminski
and Prince 1981, Murkin et al. 1982/MAN). Marshes with 50 to 70 percent
open water well interspersed with emergent vegetation produce the greatest
bird diversities and numbers (Y eller and Fredrickson 1974/IA:Pem, Weller
1979/IA:Pem). The proportion of shallow intertidal pools enclosed within a salt
marsh can be the best single predictor of avian diversity in the marsh (Wilson et
al. 1987b/MA:Eem). See also Rationale for Predictors 15 (Vegetation/Water
Interspersion) and 16 (Vegetation Class Interspersion).

Confidence in Ranking: Moderate to high.

Potential Importance to Function: High.

Measure: Determination of vegetation and water proportions in the wet-
land. All thresholds are arbitrary.

Directness of Measure: Moderate.

32. Hydroperiod (spatially dominant)
(predictor for migration, wintering)

Ranking: Wetlands in which at least a portion is permanently flooded, inter-
tidal, or intermittently exposed are more likely to support a notably great on-site
diversity and/or abundance of wetland-dependent birds. These need not be the
spatially dominant hydroperiods in the wetland. Wetlands whose spatially
dominant hydroperiod is "artificially flooded nontidal" (as defined by Cowardin
et al. 1979/*) are more likely to support a notable on-site diversity and/or abun-
dance of migrating and wintering wetland-dependent birds.

Rationale: Permanently or intertidally flooded and intermittently exposed
areas are likely to provide a variety of habitat types ranging from open water
to vegetation adapted to moist soil conditions. As a result, conditions are avail-
able for a wide variety of wildlife species during most years, and may provide
refugia for wetland-dependent species during periods of drought. For example,
among forested New England wetlands, saturated wetlands (i.e., relatively stable
water levels) have greater bird species richness and density than seasonal (i.e.,
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less stable water levels) wetlands (Swift et al. 1984). In the prairie region, the
greatest diversity is supported by permanent wetlands (Faanes 1982/ND:em).
In estuarine wetlands, increasing the tidal influence in isolated, supratidal pools
icreases or maintains waterbird use (Meredith and Saveikis 1987/f•,:tem),

partly as a result of enhancing growth of key food plants (Mahaffy 1987/DE:ab).

However, in the prairie region the greatest density of breeding birds is in
semipermanent wetlands (Faanes 1982/ND:em, Kantrud and Stewart 1984/
ND:Pem).

Inland wetlands that have Larisen or been maintained as a result of flooding
from dams, pumps, or siphons are classified as "artificially flooded" and often
serve as resting points for migrating wildlife (e.g., Hoy 1987/TX:L), especially
in coastal areas that hbve lost much of their original acreage of freshwater wet-
land. Most state and tederal waterfowl refuges fall into this category. Also,
these areas are often used as wintering sites as long as they remain ice-free
and adequate food is available.

Artificial wetlands whose water levels have been regulated specifically for
vegetation management aimed at optimizing wildlife use (Weller 1978/*) are
likely to be productive. This is particularly true if they are larger than I acre,
not long and narrow, and are drawn down and flushed of excessive sediment, or-
ganic matter, and salts every few years (Hardin 1987/DE:tem, Whitman and
Cole 1987/DE:E,P). Thus, many artificially flooded areas (e.g., greentree
reservoirs, managed marshes) are likely to provide the habitat features neces-
sary to support a high abundance and diversity of wildlife species on a consis-
tent basis (Gordon et al. 1987/SC:E,P, Prevost 1987/SC:EP).

The habitat suitability evaluation Group 1: Stewart and Kantrud 1973/ND:Pem, Kantrud and

for individual waterfowl groups Stewart 1977/ND:Pem, Dwyer et al. 1979/ND, Ruwaldt et

(Table 2) in Volume II is supported, in al. 1979/SD:Pem.

the case of this predictor, by the ad- Groups 2,4, and 7: Reinecke and Owen 1980/ME:em.
joining t4bulation:

Confidence in Ranking: Low to modern,- 3. The benefits depend on the
specific management scheme being employed, the wetland type, location, age,
sediment type, and other factors.

Potential Importance to Function: Moderate.

Measure: Determination of the wetland's dominant hydroperiod.

Directness of Measure: Low.
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33. Most Permanent Hydroperlod
(predictor for breeding)

Ranking: Wetlands having areas of at least I acre or 10 percent of their
area that is permanently flooded or intermittently exposed as their most per-
manent hydroperiods are more likely to support a notably great on-site diver-
sity and/or abundance of wetland-dependent birds..

Rationale: Permanently flooded and intermittently exposed areas are like-
ly to provide a variety of habitat types ranging from open water to vegetation
adapted to moist soils. As a result, habitats are available for a wide variety of
bird species during most years, and may provide refugia for wetland-dependent
birds during periods of drought. For example, Faanes (1982/ND:P) noted that
the greatest on-site diversity in the prairie region was supported by permanent
wetlands, whereas the greatest density of birds was in semipermanent wet-
lands. Kantrud and Stewart (1984/ND:Pem) also found the greatest density of
breeding birds in semipermanent wetlands. Swift et al. (1984/MA:Pfo) found
that, among forested New England wetlands, saturated wetlands (i.e., relative-
ly stable water levels) had greater bird species richness and density than
seasonal wetlands (i.e., less stable water levels). However, Weller (1978/*)
noted that because many emergent plants germinate only in shallow water or
on mud flats, periodic drawdowns (i.e., area is semipermanently flooded) are
necessary to maintain the 1:1 cover-to-water ratio which provides the greatest
species richness in freshwater marshes.

Confidence in Ranking: Moderate. Because many emergent plants ger-
minate only in shallow water or on mud flats, periodic drawdowns (i.e., area
is intermittently exposed) are necessary in some situations to maintain optimal
cover-to-water ratios for wildlife. Thus, in these situations, permanently
flooded wetlands may be less attractive to waterbirds (Weller 1978/*). Per-
manent flooding may also reduce on-site bird diversity in forested wetlands
(Klimas et al. 198 l/*fo).

Potential Importance to Function: Moderate.

Measure: Determination of the most permanent hydroperiod in the wetland.

Directness of Measure: Low to moderate.

34. Water Level Control (predictor
for migration and wintering)

Water control structures designed specifically for wildlife management are
excluded from this predictor.

Ranking: Wetlands dependent upon upstream or downstream control struc-
tures (other than those designed specifically for fish and wildlife management)
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are less likely to support a notably great on-site diversity and/or abundance of
migrating and wintering wetland-dependent birds.

Rationale: Wetlands dependent upon upstream or downstream artificial
structures (e.g., dams and dikes) for their existence are likely to undergo large,
sudden water-level fluctuations. Large water-level fluctuations are likely to have
detrimental impacts on habitats used by migrating and wintering wildlife.

Confidence in Ranking: Moderate. The effect depends also on the type of

dam, proximity, extent, wetland type, and other factors.

Potential Importance to Function: High.

Measure: Determination of existence of artificial control structures upstream
or downstream which may impact the wetland. All thresholds are arbitrary.

Directness of Measure: Low.

36. Vegetated Width (predictor for breeding)

Ranking: Wetlands with greater vegetated widths are more likely to support
a notably great on-site diversity and/or abundance of breeding wetland-
dependent birds.

Rationale: See Predictor 20 (Vegetative Canopy).

Confidence in Ranking: Moderate.

Measure: Determination of the average width of erect vegetation in the wet-
land. The 20- and 500-foot thresholds are arbitrary.

Directness of Measure: Moderate.

38. Type Combinations (predictor
for breeding, migration, and wintering)

Ranking: Wetlands that are near wetlands of a different classification are
more likely to support notable on-site diversity and/or abundance of wetland-
dependent birds.

Rationale: Combinations of different wetland types in proximity benefit
wildlife by providing diverse foods, or because preferred foods are found
under different conditions than are preferred nesting or roosting sites. Type
combinations are especially important for large and/or wide-ranging water-
birds (e.g., waterfowl, shorebirds), and during periods when seasonal changes in
food and cover availability occur (Powell 1987/FL:Eem). Thus, regional wet-
land diversity, not simply within-wetland diversity, is essential for maintaining
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avian diversity/abundance (Weller and Fredrickson 1974/1A:Pem, Patterson
1976, Chabreck 1979/*b, Flake 1979/*, Weller 1979/*, Burger et al. 1982/NJ:Eem,
Josselyn 1982*CA, Harris and Vickers 1984/FL:P, Nelson and Kadlec 1984/
*Pem, Conroy et al. 1987/NJ:E,P, Gordon et al. 1987/SC:E,P, Gray et al. 1987,
Morton et al. 1987/VA:E,P).

A regional diversity of hydroperiod types is particularly important (Dzubin
1969, Dwyer et al. 1979/ND, Ruwaldt et al. 1979/SD:Pem, Kantrud and Stewart
1984/ND:Pem, Powell 1987/FL:Eem), especially in precipitation-deficit regions
and in tidal systems.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the wetland type and its proximity to wetlands
of another type. Thresholds used for size and degree of isolation are arbitrary.

Directness of Measure: Moderate to high.

39. Special Habitat Features (predictor for breeding,
migration, and wintering)

Ranking: Wetlands containing special habitat features such as standing
snags with cavities larger than 2 inches; trees with diameters greater than
10 inches; plants bearing fleshy fruits, mast, or cones; tilled land with waste
grain; evergreen tree stands with over 80 percent canopy closure; native
prairie; or exposed bars are more likely to support a notable on-site diversity
and/or abundance of wetland-dependent birds than those without such features.

Rationale: Many wetland species require these special habitat features to
meet life requisites for reproduction, food, or cover. For example, many
cavity-nesting birds require the presence of standing snags with appropriate
size cavities for nest sites (Wetzel 1958, Hair et al. 1978). Heron rookeries
are often situated in large trees (Bjorkland 1975, Werschkul et al. 1976, Portnoy
1978, White et al. 1982). Exposed bars are required by many shore and
wading birds for nesting, roosting and/or feeding sites (Dodd 1978/*, Powell
1987/FL:Eem). Fleshy fruits, mast, cones, and waste grain provide food for a
variety of wetland species (Martin et al. 195 1/*, Collins 1961, Beck 1977). The
wintertime abundance and distribution of this food source may limit North
American songbirds at least as strongly as summer nesting habitat (Harris
1984/*fo).

Confidence in Ranking: Moderate. Such features, although beneficial to
wildlife, are not always so locally scarce as to be limiting.

Potential Importance to Function: High.
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Measure: Documentation of presence of the special habitat features. The
thresholds are only weakly based on empirical data and, in some cases (e.g., tree
diameter), should be regionally specific. Wetland size categories are arbitrary.

Directness of Measure: Moderate.

41. Velocity (spatially dominant)
(predictor for breeding)

Ranking: Wetlands with slow flow velocities are more likely to support a
notable on-site diversity and/or abundance of breeding wetland-dependent
birds.

Rationale: See Rationale for Predictor 7 (Gradient).

Confidence in Ranking: Low.

Potential Importance to Function: Low to moderate.

Measure: Determination of the velocity throughout most of the wetland
during annual peak flow. Thresholds are arbitrary.

Directness of Measure: Low.

45. Substrate Type (spatially dominant)
(predictor for breeding, migration, and wintering)

Ranking: Wetlands having substrates other than bedrock, rubble, or cobble-
gravel are more likely to support a notable on-site diversity and/or abundance
of wetland-dependent birds.

Rationale: Mineral, muck, peat, and sandy soils are more likely to support
sufficient vegetation to provide food and cover for a diversity of avian species
than are bedrock, rubble, or cobble-gravel substrates.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the dominant surface sediment in the upper
3 inches of the wetland.

Directness of Measure: Low to moderate.
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47. pH (predictor for migration and wintering)

Ranking: Wetlands with generally circumneutral to alkaline (pH > 6.0)
waters are more likely to support a notable on-site diversity and/or abundance of
migrating and wintering wetland-dependent birds.

Rationale: Alkaline pH values generally reflect better buffering and
higher productivity, whereas highly acidic conditions result in impoverished
fauna (Cook and Powers 19581NY:Pem, Blancher and McNicol 1988). Species
diversity and productivity are greatest in the pH range of 5.6 to 8.5. See also
the discussion of this predictor in Section 3.8 (Aquatic Diversity/Abundance).

Confidence in Ranking: Moderate.

Potential Importance to Function: Low to moderate.

Measure: Determination of the pH of the wetland's waters.

Directness of Measure: Low to moderate.

48. Salinity and Conductivity (predictor for breeding)

Ranking: Wetlands with salinities less than 30 ppt are more likely to sup-
port a notably great diversity and/or abundance of breeding wetland-dependent
birds.

Rationale: Few ducks use marine wetlands during the brood rearing period
(Weller 1975:100/*). Alkali wetlands typically have low densities of breeding
waterfowl (Kantrud and Stewart 1977/ND:Pem). Similarly, Patterson (1976)
found negative relationships between chloride concentrations of pond water and
use of Those ponds by breeding duck pairs or broods in Ontario. The number of
plant species found in prairie potholes decreases markedly with increasing salinity
(Stewart and Kantrud 1972/ND:P). This reduction in plant species diversity no
doubt influences selection and use of such areas by birds.

The habitat suitability evaluation for individual waterfowl groups (Table 2)
in Volume II is supported, in the case of this predictor, by the following:

NestIng/summering sultablllty:

Groups 1, 5, and 6: Parnell and Quay 1962/NC:em, Christlansen and Low 1970/UT:Eem,
Belirose 1976/*, Swanson et al. 1979/ND:Pem.

Group 2: Hanson et al. 1949, Coulter and Miller 1968/ME,VT, Reed and Moisan
1971/QUE:Eem, Belirose 1976r, Chabreck 1979r, Reinecke and Owen 1980/ME:em.

Group 3: Bellrose 1976/*.

Group 7: Craighead and Craighead 1949/WY:Rem, Dawe and Davis 1975/1C. Raveling
1977/MAN.
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Migration/wIntering suitability:

Group 2: Mendall 1949/ME, Hartman 1960/ME:tem, Palmisano 1973rEem, Landers et al.
1976/SC:Eem, Chabreck 1979Pb, Odum et al. 1979/*Eem.

Group 3: Erskine 1971/NS.

Confidence in Ranking: High.

Potential Importance to Function: High.

Measure: Determination of the salinity levels of wetland waters.
Thresholds are arbitrary.

Directness of Measure: Low to moderate.

50. Plants: Waterfowl Value
(predictor for migration and wintering)

Ranking: Wetlands containing food plants preferred by waterfowl are more
likely to support a notably great on-site diversity and/or abundance of migrat-
ing and wintering wetland-dependent birds. Preferred plants are shown in
Table 5 of Volume II.

Rationale: Wetlands providing food and cover for waterfowl are likely to
be attractive for other species.

Confidence in Ranking: High (for waterfowl) to moderate (other species).

Potential Importance to Function: Moderate to high. Presence of rich in-
vertebrate communities (not necessarily associated with preferred plants) may be
at least as important (Euliss and Grodhaus 1987/CA:Pem, Swanson 1988/*)
and is described by predictors in Section 3.8.

Measure: Documentation of preferred waterfowl food plants covering at
least 10 percent or 1 acre of the wetland. Thresholds are arbitrary.

Directness of Measure: Moderate. Site-specific (or at least region-
specific) data on food preferences are preferred.
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4.0 Social Significance of
Wetland Functions

Wetland functions, as physical or biological processes or conditions, are
not always of direct relevance or usefulness to human interests. Often, the ef-
fects of a function (e.g., retention of sediment) can be viewed as either
favorable or unfavorable, depending on the perspectives of the local public or
the scientific community (Table 3). Moreover, land development has social
significance, too. Thus, the choice is not merely whether a wetland should be al-
lowed to continue providing a service, but whether a proposed development offers
a greater long-term, maintainance-free service than a wetland.

Table 3

Conflicting Social Perspectives and Uses of Wetland Functions

Function Beneficial Nega;*ve

Ground water Increased water supplies; blockage or Surface flow reduction
recharge dilution of contamination

Floodflow Flood control Less flushing (e.g., of silt from salmon
alteration spawning gravel)

Sediment Shoreline protection Less flushing (e.g., more frequent dredging
stabilization required)

Sediment/toxicant' Improved downslope environment Degraded wetland environment
retention

Nutrient removal/ Tertiary waste treatment by nature Eutrophication of wetland
transformation (especially important for nonpoint sources

Production Food chain support Increased export biological oxygen demand;
production of hydrogen sulfide; source of
weeds; increased drifting of snow near roads

Aquatic diversity/ Food chain support Nuisance Insects
abundance

Wildlife diversity/ Recreational hunting and observation Crop depradation; vehicle collision hazard
abundance

Recreation Source of recreational opportunities Disturbance of wildlife by visitors

Uniqueness/ Source of aesthetic pleasure
heritage
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Attitudes toward wetlands differ among social groups and geographic loca-
tions and over time. Dealing with changing attitudes over time presents a par-
ticularly troublesome problem in social valuation of wetlands, especially if
early attitudes are favorable for wetland destruction. In this situation, wetland
destruction would make later preservation impossible, should the socioeconomic
climate change to favor preservation.

No attempt is made by WET to place a dollar value on a unit of wetland,
partly because many values are intangible and irreplaceable, and partly be-
cause technical aspects are insufficiently understood to allow the degree of
quantification necessary for economic analysis. Therefore, WET evaluates
wetland social significance from a broader perspective by considering the
following parameters:

"* Official recognition.

"* Demand for wetland-based functions.

"* Supply of wetland-based functions.

"* Availability of substitutes.

Each of these is discussed in the following sections. Also see Sections 2.9
and 2.10 for discussions of social significance as it applies to Recreation and
Uniqueness/Heritage.

4.1 Official Recognition

One measure of wetland significance is to identify whether other agencies
or institutions have designated a wetland as being somehow special. For ex-
ample, Goodwin and Niering (1975/*) identified 358 "nationally significant"
wetlands, based on a survey of scientists' opinions. The US Environmental
Protection Agency has undertaken "Advanced Identification" initiatives aimed
at ranking mostly inland wetlands and a "National Estuaries" effort aimed at
coastal wetlands. The Corps of Engineers has ranked wetlands using a process
termed "Special Area Management Planning." The National Oceanographic
and Atmospheric Administration has targeted specific "Estuarine Sanctuaries"
for protection and research. The US Fish and Wildlife Service, working with
state wildlife and outdoor recreation agencies, is systematically identifying
priority wetlands for purchase or easement, and documenting these decisions
in "Service Wetland Plans" and "State Outdoor Comprehensive Recreation
Plans (SCORPs)" for each state.

The states of New York, Maine, New Jersey, Florida, Maryland, and others
are also in the process of ranking parts of their wetland resource. On a private
level, The Nature Conservancy, Ducks Unlimited, National Audubon Society,
and others have targeted specific wetlands for acquisition, and such informa-
tion may be used as one factor in judging significance.
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Interpreting such official recognition can sometimes be dlifficult for the
following reasons:

(1) Rankings and subsequent designations may have been focused on
only a few of many possible wetland functions (e.g., typically on
habitat value, to the possible detriment of hydrologic services).

(2) Nearly all such designations have been assigned without
comprehensive, technically based field evaluations of all
candidate wetlands. In the worst cases, they reflect the biases and
values of specialists or narrow segments of the public.

(3) Designations may have been assigned to a larger land unit (e.g.,
National Park) of which the wetland comprises only a small
part; the exact role an included wetland had in the overall
designation of the area is nearly impossible to discern.

4.2 Demand for Wetland-Based Functions

Demand for wetland-based functions is often difficult to estimate, and
many of the economic techniques used to evaluate user demand have some
significant problems when applied to wetland benefits in general. WET uses
the relative location of a wetland as an indicator of the probable demand for
various functions.

Wetlands must be located so that potential benefits from functions performed
may be realized by society, in order for society to place significance on the ex-
istence of such functions. For example, a wetland downstream of a major
community may be valuable for recreation, but its location is such that it will
probably have minimal, or possibly negative, value to that community for
floodflow alteration. Existing scientific and economic data are usually insuffi-
cient to determine how fast a wetland's services diminish as one moves away
from the point where services are normally delivered. A few functions, such
as endangered species habitat, are valued over a very wide region, often by
"users" who never intend to visit the wetland. These users are content with the
knowledge that something irreplaceable continues to exist. Other functions,
such as sediment stabilization, are usually of great significance only to residents
in the immediate vicinity of the wetland.

4.3 Supply of Wetland-Based Functions

Specific quantitative measures of wetland functions (e.g., presence of
endangered/threatened species, number of ducks produced, capacity of existing
dams for flood control, model-determined estimates of the cumulative effects of
channel roughness) provide ideal but often unobtainable data for determining
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the supply of wetland benefits. Lacking such data, an alternative is to perform
functional evaluations (e.g., WET assessments) for each individual wetland in
a watershed or region. Such analyses would provide information on the num-
ber of wetlands that would be likely to supply specific benefits in the region.
However, performing individual analyses for all wetlands in a region would re-
quire a significant commitment of time and resources. From experience, we es-
timate this involves approximately 2 to 4 person-months of effort per 100 square
miles of land surface, with survey efficiency being greatest where wetlands
have already been located, densities of wedands on the landscape are great,
and road/water access is good.

If the resources to prepare this kind of exhaustive analysis for all wetlands
in a region are not available, an alternative (but much less effective approach)
is to assume all wetlands to be of equal value per unit area and to use wetland
acreage as an indicator of the supply of wetland benefits in the region. Wet-
land maps from which acreage data can be compiled are available for nearly
two thirds of the nation from the US Fish and Wildlife Service's National
Wetlands Inventory.

4.4 Availability of Substitutes

Another consideration in assessing the social significance of wetlands is
the existence of possible substitutes for wetland functions, such as those
shown in Table 4. Although wetlands are less efficient and reliable for some
functions in comparison to certain functional substitutes (e.g., wastewater wet-
lands versus engineered treatment facilities), these substitutes usually do not
provide exactly the same functions as the wetland under consideration. Often
these substitutes are more costly, less enduring, and plagued with more ad-
verse secondary impacts than would be the case if natural wetlands were used
to provide the same function. However, these substitutes should be considered
when determining the supply and demand for functions performed by natural
wetlands. Also, some wetland functions, such as Uniqueness/Heritage, have no
realistic substitutes.

4.5 Wetland Context and Cumulative Impacts
Evaluation

Spatial, temporal, and sociopolitical context must be established before at-
tempting to estimate wetland social significance. Spatial context pertains to
the significance of wetlands in relation to the area considered. For example, a
particular wetland type or function may be scarce locally, although regionally
and nationally it may be abundant. The temporal context refers to the temporal
trend in availability of the wetland type under consideration. For example, a
particular wetland type may be decreasing, although it is still relatively plentiful.
Conversely, another wetland type might be increasing but may presently be
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Table 4
Examples of Potential Substitutes for Wetland Services (Listing Herein Does
Not Imply Endorsement of Any Measure)

Natural Function of Wetland Examples of Services Possible Substitutes

Ground water recharge Replenish aquifer Water conservation regulations
Provide more water for Phreatophyte management

consumptive use Mechanical injection
Impoundment construction
Protection of upland recharge areas

Floodflow altertion Reduce flood losses Impoundment construction
Reduce scour of aquatic Watershed land cover management

communities Flood insurance
Stream habitat improvement measures

Sediment stabilization Reduce flood damages and Construction of jetties and breakwaters
shoreline erosion Shoreline development regulations

Flood insurance

Sediment/toxicant retention Improve water quality Waste treatment plant
Sediment basins/impoundments
Terrestrial buffer strips
Land treatment measures

Nutrient removali Improve water quality Waste treatment plant
transformation Reduce nuisance algal Nonpoint discharge control

blooms Terrestrial buffer strips
Chemical control of algae or nutrient cycling
Land treatment measures

Aquatic and wildlife diversity/ Recreation (aesthetics, Habitat acquisition protection (e.g., acquire
abundance commercial sport fishing, water rights

etc.) Alternative harvest regulations
Predator management
Creation and use of propagation facilities

(e.g., hatcheries)
Habitat management
Research on productivity factors
Control of pollutants

Recreation Recreation Purchase of or easement on upland
Intensified management of existing areas

uncommon. The sociopolitical context addresses the perception of wetlands
or their functions by various sociopolitical groups. For example, a particular
wetland type or function may be equally scarce in two neighboring localities,
but may be used or appreciated much more by the citizens of one community, due
to distinct sociological and economic characteristics.

Neither science nor economics alone can determine the appropriate evalua-
tion context. However, clues for helping to determine the appropriate spatial
and sociopolitical contexts may be obtained by examining institutional
policies and legislation. For instance, adoption of voluntary floodplain zoning
by local governments in a project area may be taken as an indication that the
potential flood control significance of a particular wetland is likely to be
viewed in a favorable sociopolitical light. On the other hand, if a particular
wetland is thought to be ecologically special, but there are no local ordinances
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related specifically to protection of ecological resources and there is little
other evidence of public sentiment for or against wetlands in that particular
community, then the "uniqueness" is probably best decided by examining rela-
tive scarcity statewide or nationwide, rather than locally.

The temporal context is particularly vexing because, once altered, it is dif-
ficult, if not impossible, to return a wetland to its original functional state. The
temporal context should consider direct impacts anticipated for wetlands in the area,
as well as cumulative impacts of activities that affect the wetland. Conceptual ap-
proaches for evaluating cumulative impacts are presented by Clark and Zinn
(1978/*), Coates et al. (1981/*), Gosselink and Lee (1987/*), wid others.

The importance of considering the cumulative effects (in time and space)
of all activities on wetlands cannot be overstated. Cumulative impacts on the
wetland resource result from many individually small, seemingly insignificant
developments which collectively may result in substantial functional losses,
often at the landscape level. The economic growth induced by developments
may have a further ripple effect on wetland quality and landscape function. A
typical pattern of wetland loss in many regions is that small wetlands are
drained or filled first, leaving only the larger wetlands, which then become filled
by runoff that was once held by the many smaller wetlands (Evans and Black
1956/SD:Pem).

The following questions can be evaluated to determine the probable threat
and seriousness of cumulative impacts:

(1) What is the anticipated growth in this locality or region, both in
spite of the proposed development and because of it (induced
growth)?

(2) What is the potential for destruction of this and other wetlands

(particularly those of its type) in the region? Could a large
percentage of these be cost-effectively logged, farmed,
impounded, developed for seasonal recreation, etc., or do they
have major physical and economic constraints (i.e., long distance
from markets and transportation routes, adverse tax climate,
unsuitable soils) that might deter ecologically detrimental uses.
To what degree are economically feasible activities in the region
dependent on wetlands or water locations?

(3) Is there an extensive network of local or state laws that protect
wetlands? How aggressively are incentive-based wetland/
riparian conservation programs of the US Department of
Agriculture/Soil Conservation Service, the US Fish and
Wildlife Service, and others being implemented? Does the
existing patchwork of regulations governing development of
nonwetland parts of the landscape unintentionally shift the
development pressure onto wetlands?
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(4) Are there likely to be strong functional links among the region's
wetlands, and between the wetlands and the locations where
their services are provided? For example, does the region's
wetland-dependent fauna include a large component of
wide-ranging species with requirements for a diversity of
wetland types? Are wetlands tightly linked hydrologically,
such that changes in a few may trigger more widespread
effects?
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Appendix A

Common Name Scientific Name

Birds

black duck Anas rubripes
American coot Fulica americana
bald eagle Haliaeetus leucocephalus
bank swallow Riparda riparia
black-bellied tree duck Dendrocygna autumnalis
black skimmer Rynchops niger
brant Branta bemicla
buff lehead Bucephala albeola
Canada goose Branta canadensis
canvasback Aythya valisineria
cliff swallow Petrochelidon pyrrhonota
common goldeneye Bucephala clangula
common merganser Mergus merganser
fulvous tree duck Dendrocygna bicolor
gadwall Anas strepera
greater scaup Aythya marila
white-fronted goose Anser albifrons
harlequin duck Histrionicus histrionicus
hooded merganser Lophodytes cucullatus
least bittern Ixobrychus exilis
lesser scaup Aythya affinis
palm warbler Dendroica palmarum
brown pelican Pelecanus occidentalis
prothonotary warbler Protonotaria citrea
red-breasted merganser Mergus serrator
redhead Aythya americana
ring-necked duck Aythya collanis
ring-necked pheasant Phasianus colchicus
roseate spoonbill Ajaia ajaja
Ross' goose Chen rossii
ruddy duck Oxyura jamaicensis
seaside sparrow Ammospiza maritimus
snow goose Chen caerulescens
sora rail Porzana carolina
whistling swan Olar columbianus
wood duck Aix sponsa
yellow-headed blackbird Xanthocephalus xanthocephalus

Mammals

beaver Castor canadensis
manatee Trichechus manatus
mink Mustela vison
muskrat Ondatra zibethicus
nutria Myocastor coypus
raccoon Procyon lotor
river otter Lutra canadensis
sea otter Enhydra lutris
swamp rabbit Sylvilagus aquaticus
water shrew Sorex palustris
white-tailed deer Odocoileus viginianus
Virginia opossum Didelphis virginiana

(Continued)
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Appendix A

Common Name Scientific Name

Fish

common carp Cypninus carpio
grass carp Ctenopharyngodon idella
largemouth bass Micropterus salmoides
mummichog Fundulus heteroclitus
muskellunge Esox masquinongy
northern pike Esox lucius
sauger Stizostedion canadense
walleye Stizostedion vitreum
winter flounder Pseudopleuronectes americanus
yellow perch Perca flavescens

Herpetofauna

American alligator Alligator mississippiensis
bog turtle Clemmys muhienbergil
loggerhead sea turtle Caretta caretta

Crustaceans

blue crab Callinectes sapidus
brown shrimp Penaeus aztecus

Plants

bayberry Myrica pensylvanica
black spruce Picea mariana
bulrush Scirpus spp.
cattail Typha spp.
cypress Taxodium distichum,
duckweed Lemna spp.
freshwater cordgrass Spartina pectinata
pondweed Potamogeton spp.
reed Phragmites australis
salt marsh cordgrass Spa rtina alterniffora
speckled alder Alnus rugosa
waterhyacinth Eichomia crassipes
water lettuce Pistia stratiotes
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