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m Abstract Although studies of freshwater entomofauna frequently do not include
the biodiversity and ecological roles of higher Diptera, cyclorraphous flies are of-
ten numerous and species rich in wetlands. Seventeen families are commonly found in
freshwater wetlands, with Ephydridae, Chloropidae, Sciomyzidae, Sphaeroceridae, and
Scathophagidae being among the mostimportantin terms of population size and species
richness. Difficulty with sampling cryptic larval habitats and species identification chal-
lenges may account for the exclusion of acalyptrate and other dipterans from wetlands
ecology studies. Large populations are facilitated by the high productivity of freshwater
wetlands and the high intrinsic rate of increase characteristic of many species. Higher
dipterans exist in all freshwater wetland types, are microhabitat selective, and play
significant roles in food webs. The varied strategies for food acquisition and patterns
of spatial and temporal distribution limit ecological overlap among the higher Diptera.
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INTRODUCTION

Our knowledge of the ecology of wetland invertebrates has been reviewed and
enhanced by recent syntheses (13, 15). Invertebrates play significant roles as nu-
trient recyclers, primary and secondary consumers, food for wildlife, and indi-
cators of ecosystem function (7,13,53,56). The increased interest in wetlands
fauna is timely because many of the world’s wetlands have been lost to drain-
ing, construction, agriculture, and pollution (124, 129). However, with the ex-
ceptions of Culicidae and Chironomidae, studies of wetlands invertebrates of-
ten ignore the roles of adult and larval dipterans. Higher Diptera produce large
populations (108), are species rich (118,170,171), and exhibit diverse trophic
ecology (18,57,72,119, 136) in freshwater wetlands.

Relatively few studies of the life history, biology, and larval morphology are
available for most higher dipteran families (Diptera: Cyclorrhapha: Schizophora)
occurring in wetlands despite their abundance and ubiquitous nature. More interest
in dipteran ecology has been shown for populations from unusual habitats such
as hot springs and alkaline environments (24, 31-34). Shore flies (Ephydridae)
and snail-killing flies (Sciomyzidae) are probably the most-well-studied wetland-
inhabiting families because of their diverse and fascinating habits (18, 72), but our
understanding of the basic biology and ecology exhibits gaps even in these two
thoroughly studied groups (45, 46, 78). This review summarizes our knowledge of
the life history, larval feeding habits, and ecology of higher Diptera from freshwater
wetlands in hopes of stimulating future research on this often neglected group
of insects. We limit our review to freshwater systems because of concern for
inland wetlands such as marshes, swamps, bogs, and fens, and because of the
increasing use of human-made wetlands for restoration, replacement of lost habitat,
and wastewater treatment (96, 124).

DIVERSITY AND IMPORTANCE OF WETLANDS

Classification of Freshwater Wetlands

There is no universally applicable and accepted general classification scheme for
wetlands; they are difficult to define precisely, and the diversity of classifica-
tion schemes reflects the variety of interests and issues associated with wetlands.
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Delineation of wetlands is often difficult, particularly for legal issues, because
hydrologic boundaries of wetlands can vary temporally. Wetland classification is
made difficult by the great geographical extent, variable hydrologic conditions in
which wetlands are found, diversity in sizes and locations, and degree of human in-
fluence on wetlands (124, 156). There are few studies that incorporate invertebrates
into classification methods (e.g., 82).

Wetlands have been historically classified and inventoried according to their
vegetation physiognomic type, geomorphic and hydrologic regime, water chem-
istry, plant and/or animal species, wetland function and value, conditions of bound-
ary delineation, and other characteristics (38, 124, 187). Nontidal wetlands were
classified by hydroperiod or vegetation in recent reviews of the ecology of wet-
land invertebrates (13, 15). Aselmann and Crutzen (8, 9) used five categories: bogs,
fens, swamps, marshes, and floodplains. These are similar to the categories of the
Canadian Wetland Classification System (187), except that shallow-water marsh
replaces floodplains as a class at the top of the hierarchy of more than 70 wetland
categories.

Although a variety of classification schemes exist (e.g., 38), we follow Mitsch
& Gosselink (124), who divided North American wetlands into two major groups:
(a) coastal wetlands—tidal salt marshes, tidal freshwater marshes, and mangrove
wetlands; andl) inland wetlands—freshwater marshes, peatlands, freshwater
swamps, and riparian wetlands. Eighty percent of the estimated 42 million hectares
of wetlands in the conterminous United States (40) are inland wetlands (80). Fresh-
water marshes are characterized by émergent soft-stemmed plants such as
cattails, bulrush, pickerelweed, grasses, and sedigea;ghallow water regime;
and €) generally shallow peat deposits (124). These wetlands occur in isolated
basins, as well as in littoral zones of lakes and riparian wetlands along slug-
gish streams and rivers. Although man-made and restored wetlands are seldom
functionally equivalent to natural wetlands (42, 129), most restoration projects
and wetlands constructed for wastewater and stormwater processing are marshes
(96).

Peatlands (i.e., bogs and fens) occur where plant production exceeds decomposi-
tion (15) and include the deep peat deposits of the boreal regions of the world (124).
These wetlands are commonly found in cold-temperate climates of high humidity
where precipitation exceeds evapotranspiration and the soil is saturated (156), or
anywhere drainage is restricted and anoxia is prevalent. High elevation mountain
ranges and poorly drained areas in southern regions of North America may also
be rich with peatlands (156). Bogs and fens are differentiated by nutrients, water
supply, and subtle floristic variations (127, 192). Bogs (ombrotrophic peatlands)
receive water and nutrients primarily from precipitation and are characterized by
their nutrient deficiency, waterlogged conditions, and pH; their buffering capacity
and salinity are lower than in fens. Fens (minerotrophic peatlands) are supplied
water and nutrients by groundwater, surface sources, and precipitation. Depending
on the climate, fens exhibit varying degrees of emergent aquatic vegetation (sedges
and other monocots) and terrestrial flora such as graminoids (127, 183, 192). The
flora of bogs is dominated by mosses suclSpksagnumA third type of peatland,
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transitional or mesotrophic peatland (poor fens), is chemically intermediate be-
tween the previous two (124).

Freshwater swamps are forested wetlands that have standing water for most of
the growing season (124), occur in regions of extensive rainfall, and have restricted
overland flow or drainage (156). Swamps occur most often in floodplains and
are dominated by bottomland hardwoods. Depressional wetlands supporting trees
(e.g., cypress domes, Carolina bays, and limestone sinks), ephemeral woodland
ponds and pools, and flooded forests created by beavers are also examples of
swamps (156).

Riparian wetlands occur along rivers and streams and are often flooded for only
a portion of the year (124). There is some overlap in classification of riparian
wetlands and freshwater swamps, particularly in the southeastern United States.
Mitsch & Gosselink (124) classified wetlands dominated by cypréssodiumn),
tupelo (Nyss3, and red mapleXcer rubrun) as freshwater swamps and bottomland
hardwood forests of the southeastern United States as riparian ecosystems, whereas
Sharitz & Batzer (156) classify the latter systems as freshwater swamps. Together,
the two wetland types are the most extensive class of wetlands in the United States,
covering 22—-25 million ha in the United States (40). Riparian wetlands also occur
in arid and semiarid regions. Because riparian wetlands are found in a variety of
climates, they support diverse vegetation that varies along gradients of flooding
frequency (124).

Importance of Wetland Ecosystems

The world’s wetlands are thought to encompass 7-9 millioA, kmabout 4-6%

of Earth’s land surface (124). Wetlands provide habitat and nurseries for fish and
wildlife, improve water quality, protect shorelines, stabilize water supplies, mod-
erate the effects of floods, recharge groundwater aquifers, and have aesthetic and
heritage values. Wetlands also contribute to the stability of global levels of available
nitrogen, atmospheric sulfur, carbon dioxide, and methane. Riverine and lacustrine
wetlands are estimated to be 160 times greater in economic value to society than
an equal area of cropland (24).

Wetland ecosystems form a transition between terrestrial upland habitats and
deepwater aquatic habitats such as lakes, rivers, and estuaries. They share charac-
teristics and flora and fauna from both terrestrial and deepwater habitats (124), but
they exhibit emergent properties not found in either upland or deepwater systems.
Nonequilibrium conditions created by disturbance and spatial heterogeneity in
many streams promote higher insect biodiversity (3, 88) compared with deepwater
habitats such as ponds (140). The physical structure provided by macrophytes and
position of wetlands between upland and deepwater habitats promotes the diver-
sity of fauna. For wetland insects, rate of flow and water depth on environmental
conditions has a marked influence on life histories and habitat preferences.

In shallow wetlands, biota can encounter periodic, at times unpredictable,
drying. Rooted emergent and submergent vegetation form the base of primary
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production in wetlands instead of phytoplankton in the deepwater systems. Wet-
lands typically have higher rates of primary production and slower rates of decom-
position than do deepwater systems and tend to be organic exporters or inorganic
nutrient sinks (124, 192). Terrestrial, wetland, and littoral biota can profoundly
influence the quality and quantity of inorganic and organic loading to the pelagial
zone of most lakes (192).

SAMPLING HIGHER DIPTERA

Wetland Taxa

Seventeen families of higher Diptera are commonly encountered in freshwa-
ter wetlands. Shore flies (Ephydridae) represent the most speciose family (118)
and are ubiquitous components of the freshwater wetland entomofauna. Sphae-
roceridae, Sciomyzidae, and Chloropidae sometimes rival the ephydrids in num-
bers. Agromyzidae, Anthomyzidae, Chamaemyiidae, Drosophilidae, Lauxaniidae,
Micropezidae, Muscidae, Opomyzidae, Otitidae, Psilidae, Sarcophagidae, Scatho-
phagidae, and Sepsidae frequently contribute to wetlands community structure.
Whereas some families appear to reach their greatest abundance and species rich-
ness in wetlands environments, no dipteran family is restricted solely to wetlands
(57).

Higher Dipteran Habitat

Maximum biodiversity occurs at the interface of wetland and littoral areas with
pelagic regions of lakes or channels of rivers. Maximum functional stability of
aguatic ecosystems occurs where the terrestrial-wetland-littoral interface regions
are strongly coupled to the open water of lakes and rivers. Most higher Diptera re-
side inthe interface between wetlands and other ecosystems. Mudflats, sand shores,
emergent vegetation, and rotting masses of organic matter are prime locations for
adult and larval activity (43,109, 115,151, 163, 169).

Relatively few higher dipterans use habitats traditionally associated with ben-
thic macroinvertebrates. Some species make use of submerged anoxic sediments
(Ephydridae) or neustic (i.e., water surface) areas (Ephydridae, Sciomyzidae),
and some are periphytic (Sciomyzidae). However, most species are specialized
for semi-aquatic areas such as mud shores, detritus deposits, floating algal mats,
macrophytes, and other surfaces that are somewhat exposed (21, 43,57,119, 151).
Herbivores (Anthomyzidae, Agromyzidae, Chloropidae, Ephydridae, Opomyzi-
dae, Scathophagidae) and secondary stem borers (Chloropidae, Otitidae, Ephydri-
dae) are intimately tied to wetland host plants. Many Ephydridae are specialists
of floating algal mats rather than periphytic algal resources (63, 64). Detritivores
(Sphaeroceridae, Otitidae, Ephydridae, Muscidae, Sepsidae) are numerous in areas
supporting masses of decaying vegetation or exposed sediments (57). Predatory
ephydrid adults hunt smaller insects in complex wetland environments, whereas
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their larvae live in exposed wet sediments. Larvae of some taxa burrow into animal
hosts (Sciomyzidae). Few exceptions exist where nondipteran aquatic macroinver-
tebrates make use of habitats that support large dipteran populations, such as the
interior of damaged plants (100).

Sampling Techniques

The approach used to sample insects of aquatic environments is usually based
upon the habitat (e.g., lotic versus lentic) and the ecological community (e.g.,
open water, drift, vegetation, benthos) being studied (120, 161). In addition to
the two aforementioned considerations, the decision to use a particular sampling
method and design depends on the objectives of the study and characteristics of
the habitat being sampled [e.g., substrate composition (120)]. There is a great
variety of samplers and sampling methods for aquatic insects. Comprehensive re-
views of sampling considerations and approaches are numerous. A recent detailed
discussion of the efficacy of particular methods was given by Turner & Trexler
(176).

Standard methods used to sample aquatic insects in wetlands (119), such as
aguatic nets, corers, hand dippers, emergence traps, grabs, and artificial substrates,
may inadequately sample immature stages and adults of higher Diptera. Qualita-
tive samples for seasonal and spatial population trends can be obtained passively
using detergent pan traps (33, 108) or by active sampling using pull-up samplers
(19) and aerial nets (150, 195). Pan traps, sticky traps, emergence traps, and sweep
netting capture ample specimens for study (102, 108, 170,171, 186). Standard col-
lection methods have been used for quantitative samples of ephydrid larvae found
in the sediments of large saline lakes (Ekman grabs) and emerging adults (sub-
merged or floating emergence traps), but sediment traps and quadrat samples us-
ing SCUBA were needed to quantitatively sample eggs and pupae, respectively
(33). Sampling larvae associated with hard substrates (126) also requires special
consideration.

Dipteran adults have feeding habits that are in many cases dramatically dif-
ferent from the habits of their immature stages. Many aquatic insect adults do
not feed, and their ecological roles are restricted to reproduction, dispersal, and
providing food for higher trophic levels (119). Certain higher dipteran taxa (e.g.,
Ephydridae, Muscidae) have adults that are detritivores, filter feeders, algivores, or
predators (20, 44, 57). Adult sampling therefore provides data for a more terrestrial
component of wetland insects and can be used to monitor colonization events.

Quadrat samplers in which vegetation is cut/clipped provide a quantitative sam-
ple of vegetation. However, subsequent laboratory processing using flotation and
other techniques for separating insects from vegetation/debris is unlikely to pro-
vide an adequate sample of leaf-mining, stem-boring, and other cryptic higher
dipteran larvae. Direct counts made by scanning vegetation, dissection, bleaching,
selective staining, and other methods typically applied to plant and plant product
pests (161) are needed.
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POPULATION AND COMMUNITY ECOLOGY

Most work on the seasonal occurrence, spatial distribution, and community struc-
ture of higher Diptera from wetlands has focused on the family Ephydridae owing

to its abundance and species richness (e.g., 36,48, 108,151, 171). However, some
work on Chloropidae from marshes has provided insights into dipteran ecology
(e.g., 10,144,170, 188). Few other taxa from freshwater wetlands have been ex-
amined at the population or community level.

Habitat Distribution

Intensive work on habitat specificity over relatively large spatial scales in the
Ephydridae shows that species within a family are habitat selective across a region
(i.e., found most commonly in marshes, riparian wetlands, rain pools, salt pools,
wet woodlands, roadside ditches, etc.) and microhabitat selective within particular
environments (43,150, 151, 163, 164, 196, 198). Freshwater wetlands have been
subdivided by dipteran habitat types, including muddy-shore, marsh-reed, sedge-
meadow, floating-vegetation, floating-algal-mat, and Hudsonian-moist-meadow.
Scheiring & Deonier (150) compared the habitat distribution of Ephydridae from
lowa and Ohio and demonstrated that, although those states contain similar ephy-
drid habitats, they supported different ephydrid communities. Similarity in the
ephydrid fauna from each habitat category ranged from 0 to approximately 50%.
It was suggested that although the species composition in similar habitats may
differ geographically, the community structure is probably comparable because
trophic and spatial niches are filled by ecological equivalents.

Habitat selectivity is driven by specialization for the consumption of distinctive
food resources among herbivores, parasitoids, and certain predators. Agromyzi-
dae, Anthomyzidae, Chloropidae, Ephydridae, Scathophagidae, and Sciomyzidae
contain species that have intimate associations with wetland plants or animals
(18,57,72,136,152,153, 173). Sciomyzid larvae prey on mollusks with varying
degrees of specificity; therefore, their habitat distribution is often narrow (18, 78).
Many chloropid, ephydrid, and scathophagid larvae are herbivorous, thus restrict-
ing their occurrence in nature to habitats that support appropriate host plants
(47,117,182, 188). Among dipteran families with species considered to be general
scavengers, Marshall (115) found that 15 of 73 species of Sphaeroceridae recorded
from peatlands in Canada were found only in bogs (i.e., tyrphophilous) and were
not taken from other wetland habitats. However, it appears that much of the biol-
ogy of the adult and immature Diptera found in these acidic wetlands is unstudied,
thus the reason for their limited habitat distribution is unknown. Relatively little is
known of higher Diptera from fens and swamps, and these habitats require further
study.

Using data on the habitat distribution of Ephydridae from lowa (43) and Ohio
(151), we categorized the larval feeding habits of species collected from wetland
habitat types (e.g., marsh-reed, floating algal mat, sand shore, and others) into
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Figure1 Number of habitat types occupied by ephydrid species encountered during
surveys of habitat distribution (43, 151). Species were categorized as trophic gener-
alists, specialists, or having unknown feeding habits.

generalists (i.e., nonselective in their food sources), specialists (i.e., narrow range
of food sources), and those of unknown trophic habits. The number of species
collection records was plotted against the number of habitat types in which each
species was collected (Figure 1). Roughly twice as many species with known feed-
ing habits (or feeding habits inferred from knowledge of closely related species)
are generalists, and most wetland-inhabiting ephydrids are found in only one or
two wetland habitat types. Only a few species were taken frdhiabitat types,

and all of those species were generalists. These data show that many wetland
Ephydridae are habitat selective regardless of the extent of trophic specialization.

Relatively little study has been conducted on the impacts of pollution on habitat
distribution and species richness of higher Diptera. Anthropogenic eutrophication
can alter fly community composition (102) or cause densities of certain taxa to
increase or decrease (200), thus complicating analyses of microhabitat specificity
and resource partitioning within wetlands. The use of higher dipteran taxa as
indicators of environmental health is presently unexplored and deserves attention
(but see 102).

Lotic systems are well known for their high species richness of invertebrates
(119). Few studies of higher Diptera from flowing water habitats (such as riparian
wetlands) are available, but it is apparent that stream systems do not support
the higher dipteran species richness that wetlands do. Studies of the acalyptrate
Dipterafrom lotic habitats (91, 98) recorded species richness lower than in a variety
of freshwater wetlands (108,170, 171; J.B. Keiper & W.E. Walton, unpublished
observations). Steinly (163) found that disturbances caused by violent wave action
reduce the number of species of Ephydridae present on the Lake Erie shoreline.
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These data suggest that higher Diptera are much better suited to lentic habitats
such as wetlands than to lotic systems that experience frequent disturbances such
as floods and scouring.

Microhabitat Specificity

Microhabitat specialists are common among the higher Diptera. In general, aquatic
insects are categorized trophically into the functional feeding groups (FFGs)
of predator, grazer/scraper, piercer/herbivore, shredder, and collector gatherer.
Aquatic insects can also be grouped by mode of existence, such as skater, plank-
tonic, diver, swimmer, clinger, sprawler, climber, and burrower (119). These trophic
and mode of locomotion categories have been an effective means of grouping
taxa ecologically. Dipteran microhabitat specialists include the Agromyzidae,
Chloropidae, Ephydridae, Otitidae, Platystomatidae, and Sciomyzidae (5, 18, 57,
72,152, 181); their specific habits frequently preclude using trophic categories
normally applied to benthic macroinvertebrates. Most specialists are herbivores of
algae and vascular plants (47,64, 98,113, 152, 182), secondary invaders of vascu-
lar plants (5, 99, 182), and parasites and parasitoids of aquatic fauna (18). Some
specialists live within anoxic sediments and pierce roots of specific plants with
their spiracles to obtain oxygen for respiration (26, 108, 116).

Spatial, temporal, and trophic partitioning limit niche overlap among higher
Diptera from wetlands. Spatial distribution is one of the most important factors
limiting niche overlap among sympatric taxa (138). The spatial distribution of
wetland Agromyzidae, Chloropidae, and Ephydridae appears largely restricted to
particular plant species (52,109, 170,171; J.B. Keiper & W.E. Walton, unpub-
lished observations), plant density (10, 54), or substrate type (20, 149). Temporal
partitioning appears to limit the number of species using wetland habitats at any
one time (20, 108,170, 171). The specificity of food sources exhibited by higher
dipterans further limits their niche overlap (see below). The combination of the
high productivity of wetlands with the coexistence of generalist and specialist
taxa appears to explain why higher Diptera from freshwater wetlands are notably
species rich.

Demography

The only demographic study of a higher dipteran from wetlands exarGioai|la

picea a common and widespread ephydrid (36). This speciesis agrazer of algae in
ephemeral, semi-aquatic habitats and has ovipositional preferences for mud shores
or algal mats (35). Compared with other insect spe@egiceahas a high intrinsic

rate of increase, and populations grew more quickly than those species that utilize
comparatively stable, long-lasting habitats. High intrinsic rates of growth were
characteristic of species using oviposition sites that are unpredictable through space
or time (36). Although life tables have not been calculated for other higher dipteran
species from freshwater wetlands, many species appear to exploit unpredictable
oviposition sites and other variable resources (20, 44, 169).
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Colonization Ecology

Inthe vicinity of naturally occurring or human-made lentic habitats, colonization of

a new wetland by higher Diptera can be rapid. The shoBriighydeutera sturte-
vantiis a neustic insect both in the larval and adult stages that employs generalist
feeding strategies (i.e., filtering particles and collecting detrital or algal deposits);
it is one of the more common dipterans in southern California marshes. Artificial
pools attracted adults within 2 days, and puparia were produced within 2 weeks
(101). Collections from newly flooded constructed wastewater treatment wetlands
at 2 days postflooding produced adult Sphaeroceridae, Chloropidae, Ephydridae,
Agromyzidae, and Muscidae. Further study showed that these and other popula-
tions became established within the wetlands; thus, the individuals captured were
not simply incidentals (J.B. Keiper & W.E. Walton, unpublished observations).
Ephydrid larvae were found on floating mammalian carcasses placed in the field
for less than 3 weeks during experiments of carrion colonization (172), further il-
lustrating the rapidity with which new aquatic habitats may be colonized by higher
Diptera.

TROPHIC ECOLOGY AND FEEDING HABITS

Much work has been done on the trophic ecology of wetlands Diptera (57, 72),
yet we have information on the feeding habits for only a small fraction of species
from North America and other parts of the world. Insects from aquatic habitats are
frequently generalized trophically by FFGs (119), yet the diverse, and oftentimes
specific, feeding habits of higher Diptera necessitates that more precise trophic
categories be used. For instance, herbivory of vascular plants is considered rare
in aquatic systems (192); thus the term “herbivore” applied to aquatic insects
denotes a nonselective feeder of algae. Herbivory among higher dipterans can
take the form of a primary herbivore of vascular plants, secondary herbivore of
damaged vascular plant tissue, algal herbivore, or cyanobacterial herbivore (57).
Primary herbivores may specifically mine leaves (e.g., 47) or bore stems (e.g.,
98, 138), and cyanobacterial and algal herbivores may feed on a limited array of
algal flora (63, 64). The varied nature of dipteran herbivory illustrates the difficulty
of applying the FFG concept to those taxa.

Larval Feeding Habits

We summarize here what is known about the basic biology of selected Diptera
families that commonly occur in wetlands, with particular reference to the larval
feeding habits. Families are taken up alphabetically, not phylogenetically. Cover-
age is restricted largely to North America.

AGROMYZIDAE Thisis alarge and widely distributed family having phytophagous
larvae that are leaf miners, stem borers, or seed predators (162). Numerous species
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can be found in wetlands where their larvae attack a great variety of monocots
and dicots. Genera and their host plants that are particularly common in wetland
habitats includégromyzgCeltis EchinochloaPhalaris, Populus Salix Uimus,
AmauromyzgBidens Eupatoriun), CalycomyzgAmbrosia Eupatoriun), Cero-
dontha(Carex EchinochloaGlyceria Phalaris Typhg, ChromatomyigCarex),
HexomyzgSalix), Liriomyza(Asclepias Triglochin, Vernonig, Melanagromyza
(Ambrosia Bidens DesmodiumEupatorium Verbesina Vernonig, and Phyto-
myza(Cicuta, Cornus.

ANTHOMYZIDAE Larvae ofAnthomyzandMumetopiaare known to feed within
the culms of wetland sedges, although there is some question as to whether the
larvae are phytophagous or feed as secondary invaders of damaged stems (177).

CHAMAEMYIIDAE The only genus of this family regularly collected in freshwater
marshes i®lunomig which has been found in association with sedges belonging

to the genuCarex(76). Nothing is known of the larval feeding habits, but it is
suspected that the larvae prey on scale insects infesting sedge leaves. Species of
ChamaemyiandLeucopisalso are occasionally encountered in wetlands where
their larvae prey on aphids and scale insects (159, 160).

CHLOROPIDAE This family is well represented in aquatic and semi-aquatic habi-
tats and is particularly abundant in marshes. Specidsllgfoneura and Pseu-
dopachychaetare seed predators of sedges and rushes (182, 188), and larvae of
Dicraeusattack inflorescences of grasses (1). Larvae of several spe€iesarha
Chlorops Epichlorops Meromyza Oscinellg PachylophusandParectecephala

are phytophagous stem borers of monocots (6, 144, 182,191). A number of gen-
era @Apallates AphanotrigonumConioscinellaDiplotoxa Elachiptera Eribolus,
Eugaurax Incertella Olcella, RhopalopterumStenoscinisLasiosinag Tricimba)

have stem-inhabiting larvae but are generally secondary saprophagous invaders of
tissue previously damaged by more phytophagous larvae (148, 168, 180, 182, 191).
Larvae ofThaumatomyiare thought to prey on aphids (57, 191).

DIASTATIDAE  The only genus of this family regularly encountered in wetland
habitats isDiastatg which occurs in marshes dominated by sedges and grasses.
No information on the larval feeding habits has been published, but recently larvae
of Diastata repletawere reared to adults on feces of small rodents (B.A. Foote,
unpublished observations).

DROSOPHILIDAE  Only a handful of species of this large and widely distributed
family are regularly collected in wetlands, and little is known of their biology.
Drosophila quinariaand Drosophila tripunctatahave been reared from larvae
feeding on decaying skunk cabbag®yfplocarpus foetidyg86); larvae of
Drosophila deflectare scavengers of decaying yellow water lilissiphai); and
those ofDrosophila palustrisand Drosophila subpalustridave recently been
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found to feed on decaying leaves and stems of wetland grasses and sedges (B.A.
Foote, unpublished observations). In contrast to those taxa associated with wet-
lands flora, larvae o€ladochaeta invershave the interesting habit of feeding
within the spittle masses of spittlebugs (Cercopidae) occurring on branches of
alders Alnusspp.) (87).

EPHYDRIDAE This large family of flies is abundant in wetlands and has a wide
diversity of feeding habits (72). Many genera, suclttsroglossg86), Coenia
(70),Discocerina(77), Leptopsilopg165),Paracoenia(34, 151, 197)Paralimna
(151), andTypopsilopa99, 151), have saprophagous larvae that feed on a variety
of decaying plant material, whereas other genera, includifarichoma(169),
Platygymnopd194), andPseudohecamed#46), feed on decaying animal flesh
or dung on the surface of marshes. Larvae of the detritivorous déstighilaare
unusual in that they possess long spiracular spines that allow them to tap the inter-
cellular air spaces of plants growing in anaerobic soils (17, 26, 48, 98, 108). Larval
Brachydeuteraare highly polyphagous on microbial, algal, and detrital materials
(101). Larvae ofDchtheraare predators of other insect larvae, whereas adults feed
on smaller winged insects (157kimerinalarvae prey on spider eggs (69).
Herbivory on vascular plants, algae, and cyanobacteria is common in the Ephy-
dridae. Some genera are specific in their trophic ecology and limit their feeding to
cyanophytesAxysta(63),Hyadina(63, 71) Lytogaster(65),Nostima(68), Pelina
(66)], diatoms [lythea (72), Parydra (49, 169),Zeros(72)], or a mixture of al-
gae Ephydra(195),Scatella(35, 64, 199)Setacerd67)]. Species oHydrellia, a
large and widely distributed genus, have larvae that feed as leaf-miners on many
hydrophilic plants (17,47, 85). Some genera are more specific in their host plant
preference. Larvae dkhysophordeed within the flower heads of pickerelweed
(139), those oEemnaphilanine the thalli of duckweeds (117, 154, 155), and those
of Psilopamine leaves of species of Chenopodiaceae (107).

LAUXANIIDAE This family is typically found in wooded habitats where its larvae
feed on decaying mesophyll of fallen leaves of deciduous trees, or feed as scav-
engers on accumulations of rotting plant material (122, 1RBjettia lupulina
occurs regularly in marshy wetlands, and several specie®wfoneuraare com-
monly encountered in swamps.

MICROPEZIDAE Only Compsobata pallipeandCompsobata univittatare regu-

larly encountered in marshy habitats. The larvae are scavengers of decaying plant
material (167). Adults oRainieria antennaepesere reared from larvae found in

the crotch of an old American elm tree (147), and larvad@asniaptera lasciva

were found to feed on decaying sugar cane cuttings (39).

MUSCIDAE An excellent reference on the basic biology of this large and widely
distributed family is Skidmore (158). Relatively few species are regularly
encountered in freshwater wetlands. The stem-boring larvaredrigonaand
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Dichaetomyiacan be economically important pests of rice and other cereals
(158). Species oGraphomyiaare aquatic or semi-aquatic and have larvae that
are saprophagous in decaying plant material. Some specieéeasfosiaLispe
Lispoides andSpilogonahave aquatic larvae that prey on a wide variety of small
invertebrates in wetland habitats (95, 111, 158). Larvae of spec&shalenomyza
are stem borers of sedges (158).

OPOMYZIDAE Opomyza petreand a few species dseomyzaare common in
marshy habitats. The larvae are known to be stem borers of grasses (135).

OTITIDAE Species ofChaetopsisare frequently common in marshes where their
larvae act as secondary invaders of the stems of herbaceous monocots damaged by
other insect larvae (5, 100). LarvaeBdimetopiella rufipeattack the developing
inflorescences of barnyard graEshinochloa crusgall{181). Adults ofSeioptera
vibransare occasionally found in marshes where its larvae feed on decaying plant
material (4). Adults ofCeroxys Herina, Melieria, andOtitesoccur regularly in
marshes, but nothing is known of their larval feeding habits.

PSILIDAE Several species in two genera of this relatively small family occur in
wetland habitats in North America. Larvae B$ila have been found feeding on
the roots ofCarex(Cyperaceae) (23) and several genera of mustards (Cruciferae)
(23, 184). Adults of.oxocera cylindricdSay) have been reared from larvae mining
the culms of rushes and sedges (182).

SARCOPHAGIDAE Most species of flesh flies are normally not found in wetlands.
However, some species are associated with bog-inhabiting plants, such as pitcher
plants Garraceniad and skunk cabbageSymplocarpus where they consume
dead insects trapped within the cups of the plants (2,A&jcherimyiaandSar-
cophagahave larvae that that feed on the soupy mixture of insects and liquid that
accumulates at the bottoms of the plant cups in the southeastern United States
(G.A. Dahlem, personal communication).

SCATHOPHAGIDAE This large, widely distributed family is well represented in
wetland habitats where larvae of several species feed as stem borers of herbaceous
monocots as well as a few dicots. Specie€ofdilura mine the stems of a variety

of wetland graminoid species belonging to the gei@agex Scirpus Juncusand
Glyceria (134, 185). Larvae oHydromyzamine the submerged petioles of wa-
ter lilies belonging to the genefdupharand Nymphaeg25, 93,177, 189, 190).

A few species of Scathophagidae have leaf-mining larvae, includaima and
Neochirosathat attackVeratrum (130). Detritivorous larvae of several species
of Scathophagacan be found feeding on dung in wetland areas (29). Larvae
of Spaziphoraprey on small invertebrates occurring in lakeside muds (84, 94),
wherea®rthacheta hirtipess a predator of stem-borin@ordilura larvae (133).
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SCIOMYZIDAE This is a sizeable family of over 600 species distributed throughout
most regions of the world. Larvae of most species prey on a great variety of Mol-
lusca, with many species feeding on aquatic snails, although other species show
more specialized habits (18). LarvaeRittya, Elgiva, Hedria, Hoplodictyg Hy-
dromya Pherbing SepedonSepedoneandTetanocerare unselective predators

of pulmonate aquatic snails (11,58, 60, 75, 104, 105, 131, 132, 179). In contrast,
larvae ofAtrichomeling Colobaea Pherbellig Pteromicrg Sciomyzaand some
species offetanocerdrequently are predators or parasitoids of stranded aquatic
or shoreline snails (22,59, 61, 73,74, 77,145). Interesting trophic offshoots are
demonstrated by larvae Ahtichaetahat prey on eggs of aquatic and semi-aquatic
snails (58, 103, 143), by larvae BEnocerdhat attack fingernail clams of the fam-

ily Sphaeriidae (62), and by those of certain specietaténocerahat consume
slugs (174, 175). The only known trophic deviation from consumption of mollus-
can prey isSepedonella nanfiom Africa, whose larvae developed successfully
preying on aquatic oligochaetes in the laboratory (178).

SEPSIDAE Larvae ofEnicomirg SepsisandThemiraare commonly encountered
in wetland habitats where their larvae are scavengers of dung or decaying vegeta-
tion (89, 90, 125).

SPHAEROCERIDAE This is a large family of worldwide distribution, with lar-

vae that are basically saprophagous in feeding habits. Many specieptaf-

cera, Lotophila RachispodaandSpelobiaoccur in wetland habitats where they
feed on dung (29, 89, 90, 110), decaying plant material (21, 114, 142), and decom-
posing carcasses (16, 81, 141). Although successful in all wetland types, sphae-
rocerids are one of the most species-rich higher dipteran taxa from peatlands
(115), where they may play significant roles in energy flow and nutrient cycling.
We have observed muddy areas of constructed wetlands blackened by sphaero-
cerid adults after marshes were drained (J.B. Keiper & W.E. Walton, unpublished
observations).

Importance to Other Organisms

The higher Diptera can be an important component of waterfowl diets (51, 55, 126),
and wetland birds may exhibit significant top-down ecological effects on higher
dipterans (197). Production of higher Diptera accounted for a significant portion of
adult insect biomass in Lake Michigan coastal wetlands (102), with Scathophagi-
dae, Ephydridae, Calliphoridae, and Sciomyzidae being ranked the most abundant
taxa in terms of biomass in sticky traps. Although certain taxa were obviously pro-
duced in areas outside of the wetlands (i.e., Calliphoridae), these data show clearly
that higher dipterans are a potentially important food source for higher trophic lev-
els. Management of seasonal and constructed wetlands may alter the population
sizes of higher dipterans (14,50,52; J.B. Keiper & W.E. Walton, unpublished
observations), thus influencing the breeding potential of migratory waterfow!.
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Wetlands and wetland invertebrates are especially important resources for wa-
terfowl and shorebirds, as well as for passerines that utilize emergent adults of
aquatic insects and terrestrial insects associated with wetlands (28, 30, 137). Ap-
proximately 80% of America’s breeding bird populations and more than 50% of
the 800 species of protected migratory birds depend on wetlands (193). Because
diets and primary foraging habitats differ appreciably among waterbirds, and can
vary seasonally within a species, a broad diversity of wetland habitat types is
important for waterbird success. Juvenile shorebirds (92) and ducks (166) feed
primarily on aquatic insects. Adult dabbling ducks feed mostly on plants through-
out the year, but protein and other nutrients provided by wetland invertebrates
are necessary for reproduction and during feather molting (56, 106, 166). Several
studies have documented that the distribution of waterfowl among wetland habi-
tats is associated with invertebrate abundance (97, 112, 128), and the proportion of
invertebrates in waterfowl diets increases from spring through autumn (12, 37, 56,
121).

In addition to serving as breeding sites, wetlands along major migratory fly-
ways are both critical stopping-off sites and overwintering sites for many water-
birds. For example, about 60% of waterfowl migrating along the Pacific flyway
utilize wetlands in a region of intensive agriculture in central California (83)
for resting and foraging. Wetland invertebrates are important components in the
diets of overwintering waterfowl and shorebirds (92). Brine Bpljydra millbrag
larvae established large populations soon after late summer flooding of pickleweed-
dominated$alicorniavirginicg wetlands, but populations disappeared from ponds
after November and did not reestablish large populations the following spring
(14). Brine flies occurring in saline lakes (e.g., Mono Lake and the Great Salt
Lake (32, 33, 126) of the western United States are a critical component of food
webs and are an important food for waterfowl and shorebirds (126). Some bird
species (red-necked phalaropes and Wilson's phalaropes at Mono Lake) (126)
specialize on brine flies, whereas many waterfowl are opportunistic and forage
extensively on brine fly pupae concentrated along the shore by the wind (56).
Leaf-mining and stem-boring Diptera may be consumed more frequently than
previously thought owing to inadvertent consumption by herbivorous waterfowl.
Further investigation of the roles of higher Diptera in wetland avian diets is
needed.

The impact of higher dipteran populations on prey, host plant, or algal food
sources has not been explored, and thus represents a potentially fruitful avenue of
research. Collins (32) documented high algal productivity in hot springs coupled
with low chlorophyll values. The discrepancy was caused by grazing ephydrids
that slowed the proliferation of algal populations. Wetlands are also known for high
productivity and strong algal populations (124); therefore similar patterns of algal
use may be found (64). Predators (Ephydridae, Muscidae), primary herbivores
(Agromyzidae, Chloropidae, Ephydridae), parasitoids (Sciomyzidae), and other
trophic levels should also be explored in terms of how their presence affects the
production of other members of wetland communities.
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EVOLUTIONARY CONSIDERATIONS

Adaptive Radiation

It has been suggested that the ancestors of modern higher Diptera were adapted
for life as saprophages in rotting vegetation, which is an abundant resource in
all wetland types (57, 136). Today, we see all trophic levels occupied by higher
flies in wetlands. Adaptive radiation onto nondetritus resources probably occurred
during selection for more specific ovipositional behaviors and feeding habits. For
instance, it was hypothesized by Keiper et al. (99) that secondary invaders of wet-
land vascular plants were derived from species that were general scavengers but
whose adults became specific in their ovipositional preferences; this shift from
general scavenger to specialized secondary invader may then have given rise to
primary herbivores such as stem borers. Ultimately some ecological equivalents
were segregated temporally (e.g., 108, 170, 171). The combination of evolutionary
radiation to different spatial and trophic resources coupled with temporal partition-
ing illustrates some reasons for the ample widespread success of higher dipterans
in freshwater wetlands.

Selection for Particular Wetlands

Marshall's (115) work on peatland Sphaeroceridae is perhaps the clearest ex-
ample of higher dipteran species being wetland selective, as he showed that
more than 20% of species taken from Canadian bogs and fens were peatland
specific. Much of the wetlands-specific selection may be driven by adaptations
for host plants and physicochemical characteristics, but the latter has not been
tested for higher Diptera. Overall, marshes appear to support the most species-
rich higher fly communities as compared to peatlands, riparian wetlands, and
swamps (43, 76, 108,151,170, 171, 198). Keiper & Walton (unpublished observa-
tions) recorded more than 50 species of higher dipteran adults inhabiting con-
structed wetlands flooded with secondary-treated wastewater and vegetated with
bulrush monocultures in southern California. Twelve speciddaifphila alone

were taken from a 0.5 ha marsh in northeastern Ohio (171). Although intensive
work on marshes has been conducted, similar work has not been done on bogs,
fens, riparian wetlands, or swamps.

CONCLUDING REMARKS

The ecological roles of higher dipterans from freshwater wetlands are diverse, as
are the feeding habits of individual species. Adaptive radiation in certain taxa from
wetlands has been extensive and is exemplified by the Ephydridae and Sciomyzi-
dae. Many of the taxa considered in this review are not economically important
pests, therefore relatively little effort has been put forth to study the biology and
immature stages of wetlands-inhabiting dipterans. This problem is compounded
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by the fact that most species do not reside in areas of a wetlands typically sampled
by benthologists, and therefore they are virtually excluded from ecological studies.
When we consider the economic and aesthetic values of wetlands, theirimportance
to biodiversity, and their overall importance to our biosphere, it becomes apparent
that all biotic components of freshwater wetlands deserve our attention.
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