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ABSTRACT 
Published research about wetland insects has proliferated, and a conceptual 
foundation about how wetland insect populations and communities are regulated 
is being built. Here we review and synthesize this new body of work. Our review 
begins with a summary of insect communities found in diverse wetland types, 
including temporary pools, seasonally flooded marshes, perennially flooded 
marshes, forested floodplains, and peatlands. Next, we critically discuss research 
on the population and community ecology of wetland insects, including the 
importance of colonization strategies and insect interactions with the physical 
environment, plants, predators, and competitors. Results from many of the ex- 
perimental studies that we review indicate that some commonly held beliefs 
about wetland insect ecology require significant reevaluation. W e  then discuss 
the importance of wetland insect ecology for some applied concerns such as 
efforts to manage wetland insect resources as waterfowl food and development 
of ecologically sound strategies to control pest mosquitoes. W e  conclude with a 
discussion of wetland conservation, emphasizing insect aspects. 

PERSPECTIVES AND OVERVIEW 

The amount of published research on wetland insect communities has grown 
steadily since the mid 1980s. One reason for this increase is that insect 
communities in small wetlands have proven to be useful systems for testing 
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ecological paradigms. Both community structure of insects and the environ- 
ment of small wetlands can be readily manipulated or mimicked for experi- 
mental investigation (e.g. 11, 81, 115, 180, 184, 195). The newfound interest 
in the community ecology of wetland insects also is evident in the applied 
sector. Endangered wetland ecosystems are receiving a great deal of public 
attention, and the importance of insects in these systems is being recognized. 
In addition, waterfowl and pest management concerns about wetlands now 
place a high priority on information about insect ecology. In the 1960s and 
1970s, wildlife workers discovered that insects were important waterfowl 
foods (120), and much of the recent research on wetland insects has been 
sponsored by wildlife interests. In addition, although mosquitoes have always 
been a research focus in wetlands, investigators currently take an increasingly 
holistic approach and study wetlands in a community context. Much of our 
understanding about how wetland insect communities are regulated comes 
from this applied work. 

Although research on wetland insects has proliferated worldwide, recent 
reviews have focused on particular regions and specific wetland types (55,90, 
119,154). Reviews of Canadian wetlands have been some of the most thorough 
(55, 154). Reviews of individual insect groups provide additional sources of 
information about wetland insects (33, 72, 99, 141, 171). Much of the early 
work on wetland insects is covered by Wiggins et a1 (189). 

The theoretical foundations of insect population and community regulation 
in wetlands remain in the initial stages of development. One finds little mention 
of the important insect fauna in general reviews of wetland ecology (e.g. 22, 
113) or in standardized field procedures to evaluate the biotic integrity of 
wetland habitats (3, 174). Researchers of wetland insects have typically used 
ecological models developed in other habitats as the basis for their work (e.g. 
103, 119), and only recently have they begun to experimentally test and 
develop paradigms that specifically apply to wetlands. Those efforts are the 
major focus of our review, and we contend that many commonly held beliefs 
about wetland insect ecology require significant reevaluation. 

We begin by reviewing the characteristics of insect communities found in 
diverse wetland types. We restrict our coverage to temporary pools, nontidal 
marshes, forested floodplains, and peatlands. Large wetlands, such as the 
Florida Everglades, include several of these wetland categories (143). We do 
not address tidal marshes because of space limitations. We then discuss the 
population and community ecology of wetland insects, including patterns of 
colonization and insect interactions with the physical environment, plants, 
predators, and competitors. We develop these themes using work conducted 
specifically in wetlands and refrain from forcing ecological paradigms devel- 
oped in other habitats on wetland insect communities. We conclude with a 
discussion of applied aspects of wetland insect ecology such as insects and 
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waterfowl management, pest-insect control, and insect aspects of wetland 
conservation. 

WETLAND INSECT COMMUNITIES 

Temporary Pools 
The smallest and often the most ephemeral of the wetlands are temporary pools 
that fill from seasonal rains or snow melt (131, 189, 190). Some flood and dry 
repeatedly (1 3 1); others fill for a few months (92, 13 1, 189); and some remain 
flooded for much of the year (1 3 1, 189). Most of the research on temporary- 
pool insects focuses on their adaptations for and interactions with the short- 
term flooding regimes. Another major area of research addresses biotic inter- 
actions. 

Insects use various life-history strategies to survive in temporary pools. 
Many have methods for resisting drought (83, 189, 190), whereas others 
combine rapid aerial colonization and larval development to effectively avoid 
drought (189, 190, 194). However, drought is often a major mortality factor 
for insects in temporary pools (81, 150). Many species are habitat generalists 
that also flourish in more permanent wetlands (70, 124). 

Temporary pools have especially diverse beetle and midge communities (4, 
70, 92, 129, 160, 189). Among the different wetland types, temporary pools 
are unique in that mosquito larvae are often the numerically dominant residents 
(117, 150). Specific community structures are strongly influenced by the 
flooding regimes of individual pools (44, 131, 189) (see section on hydrology, 
below). In addition to wet-dry cycles, other abiotic factors that commonly 
affect insects include pool size (8, 130, 156) and water temperature (8, 130). 
Insect productivity can be very high in temporary pools (124, 1 89), possibly 
because decomposition during waterless stages enhances detrital food quality 
(189). 

Biotic interactions often regulate wetland insect populations in temporary 
pools. This observation is somewhat surprising given the relatively short pe- 
riods available for insects to interact with each other. High densities can lead 
to competitive interactions (82, 115, 150, 180). In these fishless habitats, 
predaceous insects can become very abundant (92), and they are often the top 
aquatic predators (see section on predation). 

Seasonally Flooded Marshes 
Seasonally flooded meadows or marshes are also highly ephemeral wetlands. 
Extensive stands of moist-soil annual plants and hydrophilic perennials are a 
unique feature of these habitats (147). Seasonally flooded marshes were his- 
torically common on river floodplains, but most have disappeared because of 
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river regulation (1, 147). This type of natural habitat still occurs over large 
portions of the Florida Everglades (143). Because seasonally flooded marshes 
are productive habitats for ducks, similar types of habitats are often constructed 
(e.g. moist-soil management units) and maintained artificially on waterfowl 
management areas (147). These managed habitats are where most insect re- 
search in seasonally flooded marshes has been done, and much of this research 
focuses on the impact of human manipulations on insect communities (12,49, 
52, 101, 147). 

In managed seasonally flooded marshes, insects typically dominate the 
macroinvertebrate communities (12,49,52, 101, 125). Perhaps because of the 
intensive management, opportunists flourish. For example, rat-tailed maggots 
were very abundant in a managed California habitat (12), but reference to their 
occurrence elsewhere is scant. Typically, a few insect families dominate the 
communities of managed seasonal marshes, with the midges being particularly 
prominent (12, 49, 52, 125, 152). A beneficial aspect of such dominance in 
terms of waterfowl management is that midges in the genus Chironomus thrive 
in managed habitats (10, 12, 49, 52, 102), and they are often preferred duck 
food (10, 52, 102). Predatory insects are often very abundant (10, 12, 13,49, 
101, 125, 152), and like in temporary pools, they can become important 
community regulators (e.g. 11). 

Perennially Flooded Marshes 
Extensive stands of emergent aquatic plants are distinctive features of peren- 
nial-water marshes, and submersed macrophytes and algae are also conspicu- 
ous. As a result, much of the research on marsh insects involves their inter- 
actions with plants. Emergents are particularly important resources for marsh 
insects. Terrestrial or semiaquatic forms feed on above-water portions of 
emergent plants (27, 56) or use that area as habitat (51). Decaying plant 
material provides food for aquatic detritivores (28, 126). Submersed portions 
of living and dead emergent plants serve as habitat for numerous aquatic insects 
(9, 28, 51, 121). The habitat templates created by interspersions of emergent 
plants and open water are particularly productive areas for insects (107, 127). 

Submersed or floating weed beds also support many insects (15, 39, 106, 
159, 198). Numerous collembolans, aphids, and water striders can be found at 
the air-water interface of weed beds (15). Many aquatic insects use submersed 
plant surfaces as habitat (15,39, 136, 137, 159). Midge larvae can be particu- 
larly numerous on these surfaces, even more so than on emergent plants (15, 
198). An important role of macrophytes to marsh insects may be in providing 
substrates for growth of periphytic algal foods (28, 68). Algae is another 
important food for many marsh insects (28, 59, 68, 126), and it is also used 
by midge larvae to construct tube cases (1 1). 
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Not all marsh insects intimately associate with plants. Mud substrates are 
productive areas of many marshes, particularly for benthic dipteran larvae (9, 
101, 122). Benthos and certain nektonic insects can be more abundant in open 
water than emergent vegetation zones (9, 14,90,159). Deep, artificially created 
channels can support numerous marsh insects (23, 143). Some species migrate 
between open and emergent areas (35, 118), although the transitional zone 
itself is seldom a preferred habitat (1 18, 159). 

Forested Floodplains 
Forested wetlands or swamps typically occur on river or stream floodplains. 
In addition to the flooded woodlands, these habitats contain temporary pools, 
semipermanent backwater ponds, and shallow lakes (1, 62, 165). Depending 
on rainfall and elevation, floodplain habitats can be flooded year-round or for 
only short durations (38,61,165), and specific patterns of inundation influence 
invertebrate communities (165). Invertebrate productivities can be very high 
in such habitats (165), perhaps because aqueous nutrients from flowing chan- 
nels (62) and leaf fall from trees (38, 105) enrich forested floodplains. The 
secondary productivity from adjacent wetlands probably has important impli- 
cations for riverine habitat ecologies, given that the floodplains cover a larger 
surface area than the associated channels (61). 

In terms of faunal diversity, insects, especially midges, can dominate the 
invertebrate communities of forested floodplains (61,62, 102). Midges are the 
only insects that consistently reach high densities in such habitats (78, 100, 
101, 105, 165). A few predatory insects can be important in terms of biomass 
and productivity (38, 61, 105, 165), but noninsects such as aquatic worms, 
mollusks, and crustaceans tend to dominate (38,49, 61, 78, 100, 165). Unex- 
pectedly, insect shredders adapted to consume tree leaves are often rare (38, 
1 05). 

Floodplains often share insect taxa with their associated channels (38, 61). 
Those taxa tolerant of low levels of dissolved oxygen prosper most in the 
wetland portion of these systems (38, 165). Lotic insects use floodplain wet- 
lands to exploit the rich food resources and warmer water (l), to reproduce 
(1, 38), or to find a haven from predation (168). Predatory fish themselves 
move into floodplains to feed on aquatic invertebrates and trapped terrestrials 
(148). Many different terrestrial insects live on dry floodplains (65) or in tree 
foliage (64). 

Forested floodplains are a prevalent wetland type in the southern latitudes, 
yet their invertebrate communities are understudied relative to other wetlands 
(49, 78, 114, 158, 165). Most research focuses on insects closely associated 
with channels, so even less is known about the fauna of difficult-to-access 
backswamps (165). Learning more about the ecology of invertebrate commu- 
nities in these wetlands should become a research priority. 
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Peatlands 
Peat develops in wetlands where decomposition does not keep pace with plant 
production (181). Peatlands are categorized as fens or bogs based on hydrol- 
ogy, with fens usually being dominated by sedges or other monocots and bogs 
by Sphagnum mosses (1 8 1). Peat accumulation causes peatland surfaces to 
gradually rise above the water table (181), and thus many of the insects found 
in these habitats are of terrestrial origin. Aquatic species can occur in the water 
around peatland vegetation itself (e.g. I S ) ,  although most of the research 
addressing the aquatic fauna has been conducted in peatland pools. 

Finnamore & Marshall (55)  recently edited an extensive review of the 
terrestrial arthropod fauna of Canadian peatlands; therefore, we emphasize 
research conducted elsewhere. Some of the terrestrial insects of peatlands are 
invaders from surrounding upland habitats (86). However, others are unique 
to peatlands (36, 98), and particular assemblages of terrestrial species can be 
useful in characterizing peatland habitats (36, 74). Ants are especially impor- 
tant ecologically because mound-building and hummock-dwelling species can 
influence vegetation patterns and habitat microtopography (30, 98). 

A 1987 review by Rosenberg & Danks covers the truly aquatic insects of 
Canadian peatlands (1 54); this treatment also addressed research outside of 
Canada. The more recently published work indicates that, similar to the ter- 
restrial fauna, the aquatic insect communities of peatlands consist of a mixture 
of invaders from other habitats and species unique to peatlands (155). Insects 
occur in diverse aquatic microhabitats, including saturated peat itself (138, 
155), shallow pools (79, 138), and deeper ponds (25,94). A unique habitat for 
some aquatic insects is the water that accumulates inside pitcher plants (54 
and references therein). The deeper ponds of peatlands can be particularly 
productive habitats for insects (138). The relative size of pools (94), water 
temperature (25, 173), dissolved oxygen level (25), and water stability (79, 
94) have all been identified as important abiotic regulators of aquatic peatland 
insects. Although many peatland pools are acidic, the primary influence of 
acid on insects is probably indirect. The lack of fish in acidic habitats may be 
a more important influence on insects than the water chemistry itself (73). 

POPULATION AND COMMUNITY ECOLOGY 

Colonization and Life-History Strategies 
Many wetlands dry, either seasonally or unpredictably, during droughts, and 
invertebrates that thrive in these habitats exhibit two general strategies for 
rapid colonization during and after inundation. The first is desiccation resis- 
tance, which is best documented in flightless invertebrates (protists, rotifers, 
crustaceans, annelids, mollusks) that deposit resistant eggs or spores in the 
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substrate (1 89, 190). Many wetland insects, including dragonflies, caddisflies, 
beetles, and various dipterans, also have desiccation-resistant eggs (1 89). Many 
dipteran eggs are similar to the resistant stages of flightless invertebrates in 
that they are often deposited just before basins dry and, in their diapausal state, 
can resist harsh conditions (189, 190). In some mosquitoes and a few midges, 
egg maturation within clutches is staggered, thus providing an egg bank that 
remains viable over several dry-wet cycles (2, 190). Several wetland-inhabiting 
damselflies in wetlands deposit eggs endophytically in the stems of emergent 
plants, where the eggs undergo diapause until habitats reflood (48 and refer- 
ences therein). Insects that oviposit in dried wetlands typically enclose eggs 
in a protective gelatinous mass. Dry-basin oviposition has been especially well 
studied for several species of Symperrum dragonflies from northern wetlands 
(177) and for limephilid caddisflies that oviposit under rocks or wood in or 
near dry basins (16; SA Wissinger & WW Brown, unpublished data). 

Desiccation resistance in adult aquatic insects is best documented for beetles 
that survive drying by burying themselves in the mud or crawling under rocks 
or logs in or near wetland basins (81, 92, 101, 189). Some odonate nymphs 
also resist drying andor freezing by burying themselves in the substrate of dry 
habitats (33, 83). Desiccation resistance during the larval stage has been 
documented for most families of aquatic Diptera (101, 141, 189). Of these, 
the midges are often most abundant and widespread in moist soils under dried 
wetland basins (79, 189). Given that both the egg and larvae of midges can 
be desiccation resistant and adults are such good dispersers (see below), it is 
perhaps not surprising that they are often the most diverse and abundant insects 
in ephemeral habitats (26, 44, 61, 189, 190). 

A second strategy that aquatic insects use to colonize wetlands involves 
adult immigration and oviposition. The most rapid aerial colonizers are oppor- 
tunists such as mosquitoes and midges, which often deposit eggs within a few 
days after inundation (43, 89, 101, 150, 153, 183, 191). In several wetland 
insects, adult longevity facilitates colonization. For example, in limnephilid 
caddisflies, adults emerge just before ponds dry and diapause for a month or 
more in terrestrial habitats before returning to lay eggs (16, 99; SA Wissinger 
& WW Brown, unpublished data). Similarly, long-lived dragonfly adults sur- 
vive the dry phase of wetland hydroperiods in the terrestrial environment and 
deposit eggs when basins refill (32, 94). Dragonfly colonization of newly 
inundated habitats is also aided by the general tendency to disperse beyond 
the limits of their natal habitats (1 11). 

The most common strategy for the aerial colonization of ephemeral wetlands 
appears to involve cycles of migration between permanent and temporary 
aquatic habitats (189, 194). For example, in a seasonally flooded marsh that 
was managed as waterfowl habitat, all of the numerically dominant insects 
(various dipterans, a beetle, and a water boatman) colonized by immigrating 
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from nearby aquatic habitats rather than by means of desiccation-resistant 
stages (12). Our review of the literature suggests that this general pattern of 
“cyclic colonization” (sensu 194) is important for the maintenance of insect 
populations in many natural and managed wetlands, including seasonally and 
perennially flooded marshes (9, 12, 29, 70, 76, 122, 125, 128, 143, l a ) ,  
temporary pools in larger wetland complexes (81, 94, 129), and tropical and 
temperate swamps (61, 101, 114, 158). 

Cyclic colonization is best documented for adult hemipterans and beetles, 
which exhibit a characteristic life-history syndrome that often involves flight 
polymorphism (cf 72, 93, 171, 176). For beetles and hemipterans that inhabit 
temporary waters, long-lived adults typically overwinter in permanent habitats 
and then fly to newly inundated habitats in spring. Upon arrival, wing mus- 
culature histolyzes in the females, and the developing ovaries expand into the 
vacated space. Depending on the duration of the wet phase, one or more 
short-winged or wingless generations are completed, and then, as habitats dry, 
long-winged individuals with immature gonads emigrate and return to perma- 
nent refugia. Flight polymorphisms facilitate dispersal to and from permanent 
refugia and allows for the rapid establishment of large populations in the 
ephemeral habitat (72, 171). The importance of cyclic colonization for the 
maintenance of beetle populations in temporary habitats is emphasized by 
Svensson (176), who suggests that their absence in those habitats near the 
edges of geographical ranges is related to the relatively low density of source 
populations. 

Although most cyclic colonization occurs between local habitats, several 
large dragonflies colonize ephemeral wetlands by migrating over long dis- 
tances (34). In the tropics, these strong flyers complete several generations per 
year by tracking shifting monsoonal rains and exploiting temporary habitats 
across a latitudinal gradient (32). In North America, these dragonflies migrate 
to temperate wetlands and other fishless habitats where they complete one 
summer generation before emigrating south in autumn (193). 

Influence of Physicochemical Variables 
Wetland insects can be affected by several abiotic factors (e.g. 66), but only 
the influences of hydrology, acidity, or nutrient levels have been studied in 
detail. The periodic flooding and drying of wetland habitats is probably the 
most important single influence on insect communities, and the way wetland 
insects deal with drought is a key to their success (189). The research interest 
in acidity stems from concerns about acid pollution and curiosity about what 
impact low natural pH has on insects. Phosphorous and nitrogen levels are 
also a concern in terms of pollutants leading to eutrophication; conversely, 
research has examined how the natural nutrient-poor status of some wetlands 
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influences insects (28, 59, 123). Other physicochemical variables that can 
influence wetland insect communities are habitat sizes (8, 94, 156), high or 
low water temperatures (8, 25, 143, 173), and dissolved oxygen levels (25, 
143, 144). 

HYDROLOGY Water-level stability of wetlands is a major influence on insect 
community structure and productivity (9,61,81,94,131,189). Highly ephem- 
eral habitats tend to be dominated by beetles and mosquitoes, while midges 
and odonates predominate in habitats that are flooded longer (12,70, 81,94, 
131, 159). Insects dependent on a drought-resistant stage are virtually elimi- 
nated when ephemeral habitats remain flooded (125). If wetlands are flooded 
infrequently or for short durations, their invertebrate productivities may be low 
(61). A long and intense drought phase can also have a negative impact on 
wetland invertebrates (44, 81). 

Field observations indicate that invertebrates in temporary pools grow more 
rapidly than those in perennial water wetlands (142, 189). However, in the few 
reports that directly compare insects from each of these habitats, the efficiency 
of growth and feeding is actually higher for insects from perennial habitats. 
For example, F’ritchard & Bert6 (142) found that a caddisfly adapted for 
perennially flooded habitats grew more efficiently than a species adapted for 
life in ephemeral pools, and they believed the more rapid growth of the latter 
species in the field was simply related to differences in habitat temperature. 
In addition, when populations of the same midge species living in temporay 
and perennial pools were compared, their feeding rates, feeding efficiencies, 
and productivities were all higher in the perennial habitat (124). The general 
belief that temporary pools are intrinsically more productive habitats for insects 
than perennially flooded habitats needs further evaluation. 

ACIDITY Although some insects select wetland habitats with specific acidities 
(4, 66), experimental acidification of wetland habitats often has shown little 
impact on insects. For example, damselfly nymphs were not affected by pH 
regulation unless levels became very low (63). Experimental reduction of the 
pH of a fen peatland had no detectable influence on midge emergence (155). 
In contrast, low pH may actually benefit insects in some cases because insec- 
tivorous fish cannot survive in many acidic habitats (17,73,77,139). However, 
low pH may harm certain insects. In studies contrasting acid and circumneutral 
wetlands, the acidic habitats supported fewer mayfly nymphs (17) or had 
detrital food resources of lower quality (89). 

NUTRIENTS Descriptive studies indicate that nutrient levels may influence 
wetland insect communities (62, 66, 74, 107). However, excessive nutrient 
loading in the Florida Everglades increased invertebrate diversity (144), con- 
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trary to expectation (62,66). A series of experiments in a nutrient-poor Cana- 
dian marsh found that naturally low phosphorous and nitrogen levels can limit 
midge productivity (28, 59, 123). 

Primary Consumers 
Many terrestrial insects in wetlands consume the foliage of living macrophytes 
(27,56,64, 103, 162). However, aquatic forms rarely eat living vascular plants 
(119, 167); instead they consume detritus from dead plants. Decomposing 
leaves and stems from wetland macrophytes (28, 119) and trees (38, 105) are 
important sources of detritus, as are inputs from riparian habitats and upland 
run-off (124, 133, 160).  Algae are another food important to some wetland 
insects, particularly midge larvae (1 1,28, 59, 68, 119). 

Which of the above sources of plant carbon are most important to the aquatic 
food webs in wetlands is under debate ( 1  19). Recent studies that use molecular 
techniques (stable isotope analysis) indicate that aquatic insect and other in- 
vertebrate consumers commonly eat algal periphyton or emergent macrophytes 
(in the form of detritus) but rarely eat filamentous algae or detritus from 
submersed macrophytes (24, 112, 126). A surprising result of these studies 
was that unknown sources of carbon, rather than the conspicuous forms tested 
above, were important to some consumers (24, 126). 

MACROPHYTE CONSUMERS Most wetland insects that consume living macro- 
phytes occur on the above-water portions of the plants or bore inside them, 
and they tend to be members of primarily terrestrial groups (aphids, leaf 
beetles, weevils, moth caterpillars) (15,56,103, 162). Some of these herbivores 
can have a great impact on plant growth and survival (64, 103). Foote et a1 
(56) list several published accounts of insect herbivores removing from 25 to 
56% of the standing crop of wetland macrophytes. Certain moth larvae can 
completely defoliate swamp trees (64). A beetle that consumed only 6% of 
the available biomass of water lily leaves still had a marked impact on detrital 
inputs into a wetland (162). Thus, although the subject is largely unstudied, 
the impact of terrestrial insect herbivores on overall wetland ecosystem func- 
tion is probably very significant. 

DETRITUS CONSUMERS As aquatic macrophytes or tree leaves decompose, 
aquatic invertebrate numbers on this material tend to increase (28,41,89, 101, 
128, 153, 167). This pattern may be related to the increasing palatability and 
protein content of the decaying plant material (166, 167), as indicated by 
experimental evidence from some wetlands. A comparison of natural and 
artificial litter showed that both types initially supported similar numbers of 
midges, but as the natural litter decayed, it became the preferred substrate (28). 
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However, field experimentation often fails to link wetland invertebrate abun- 
dance with detritus quality. Invertebrate colonization rates can be similar on 
plant litters of differing nutritional qualities (89, 128), and fewer invertebrates 
occurred on litter from fast-decaying Equisetumfluviatile than slower decaying 
Carex rostruta (41). In some cases, temporal changes in invertebrate numbers 
on decaying litter may simply reflect their life-history patterns (128) or natural 
colonization cycles (153). 

An issue separate from detritus quality is its quantity. Our survey of the 
literature uncovered little experimental evidence that the available supply of 
detrital food in wetlands can be limiting to detritivores. Where wetland macro- 
phytes were cut and the detritus removed, detritivore populations either were 
unaffected or showed unexpected increases (122, 125). In another experiment, 
albeit nonreplicated, detritus was added to a marsh enclosure, but the expected 
increase in detritivore numbers failed to materialize (5). In a detailed descrip 
tive study, a midge that dominated the benthos of two different wetland pools 
consumed only 4.6-13.0% of the available detritus over the course of a year 
(124). In certain cases, the low oxygen conditions created by decomposing 
plant matter may reduce rather than increase invertebrate numbers, at least 
temporarily (59). However, some detritivorous mosquitoes can reach high 
enough densities in temporary pools that they compete for space, which leads 
to food shortages despite the presence of abundant supplies of detritus (150). 

In some cases, however, the availability of plant litter and detritus resources 
may limit insect populations. As mentioned previously, the substitution of a 
nonnutritive substrate for plant litter can reduce midge numbers (28). Increases 
in plant litter biomass caused by above-normal flooding of a marsh resulted 
in more midges and other consumers, although whether the detritus served as 
food or habitat was unclear (121). Finally, in a small pond study, midge growth 
rates, but not densities, increased as a result of enriched microdetrital food 
supplies (145). 

In some wetland habitats, invertebrate detritivores play an important role in 
litter decomposition (89). However, in many wetlands, shredders adapted to 
process plant litter are rare (38, 105). If invertebrate consumers are excluded 
from decaying plant litter, decomposition rates can remain unchanged (153). 
In wetlands, most plant decomposition is probably accomplished by leaching 
and through microbial pathways rather than via invertebrate processing (4 1, 
89, 105, 153, 189). 

ALGAL CONSUMERS In contrast to detritus, a relatively strong case can be 
made that algal food supplies may become limiting in wetland food webs. 
Experiments in a seasonally flooded marsh (1  l), a perennially flooded marsh 
(68), and simulated temporary pools (1  15) indicate that midge larvae can 
overgraze their algal food supplies, which may lead to intra- or interspecific 
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competition for food. Enrichment of marshes with nitrogen and phosphorous, 
either from experimental introductions or pollutants (28,59, 144), can increase 
the algal food supply and with it numbers of invertebrate consumers (except 
see 123). Herbicide-induced reductions in algal biomass can limit numbers of 
insect consumers (45). The importance of algae to wetland food webs has 
probably been underestimated (1 19). 

Wetland Plants as Habitat 
Apart from providing food for insects, wetland plants also serve as structural 
habitat. Distributions of some nonherbivorous species have been predicted 
accurately from information about which plants dominate wetland habitats 
(e.g. 149). In marshes, some of the most productive areas for insects are where 
open water is interspersed with emergent and submersed plants (107, 127, 
143). Experimentally creating such interspersions can increase numbers of 
many insect taxa (12, 87, 122). However, some taxa such as epiphytic fly 
larvae and free-swimming mosquito larvae prefer denser plant stands (12,137). 
Although living emergent plants rarely support high densities of insects directly 
on their surfaces (50, 198), the litter that accumulates from them is valuable 
habitat for epiphytic and mining midges that live on or in this material (121). 
The substrates lying beneath emergent plant litter can also support high den- 
sities of benthic insects (50). 

In contrast to emergent plants, submersed plants support large numbers of 
epiphytic insects on their surfaces (50, 198). However, aquatic insect or other 
invertebrate use of submersed plant habitats varies among plant species, and 
it has generally been assumed that differences in plant morphology and archi- 
tecture are responsible (i.e. plants with more colonizable substrate would 
support the most invertebrates) (39, 50, 71, 80, 198). If all factors other than 
plant morphology are held constant, this hypothesis appears to be valid (80). 
However, in natural plant beds, the mechanisms controlling wetland inverte- 
brate numbers are considerably more complex. Plants with the most finely 
dissected leaves do not necessarily support the most invertebrates (39). Sub- 
mersed plants with similar morphologies but different growth cycles harbor 
different invertebrate communities (7 l), and communities also change as in- 
dividual plant beds grow and senesce (15). In addition to the insects that occur 
directly on submersed plant surfaces, free-swimming insects find these plant 
beds to be valuable refuges from predators (14, 137). 

Predator-Prey Interactions and Food Webs 
Fish are typically abundant only in those wetlands that remain flooded over 
long periods of time and are deep enough to prevent winterkill. They also 
occur as transients that move in and out of lacustrine marshes and floodplains 
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with flood waters (61, 148). Numerous studies suggest that wetlands with fish 
will have lower insect diversity and lower biomass than those that are fishless 
(46, 76, 77, 104). Many of the taxa that fish prey upon most heavily are also 
important in the diets of migratory waterfowl (10). Thus, fish are usually 
considered unwanted predators by managers of waterfowl habitat (12,52,77, 
104). 

The insect communities in fish and fishless wetlands also differ because of 
the size-selective nature of fish predation. In wetlands without fish, large- 
bodied active predators such as odonate nymphs, beetle larvae, and hemipter- 
ans replace fish as the top aquatic predators in the food web (14,20, 101, 180). 
The few species of large predatory insects that can coexist with fish exhibit 
various antipredator morphologies and behaviors that are not observed in 
congeneric species that thrive in fishless habitats (14,20,73,84,109). Fishless 
habitats that are perennially flooded tend to support the highest diversity and 
overall abundance of these large predators (49, 61, 94, 159, 171, 176, 192). 
The lack of an increase in detritivore numbers following enhanced detritus 
levels in fishless wetlands suggests that large invertebrate predators can control 
prey abundance (5, 145, 146). 

All of the top insect predators in fishless habitats are generalists that will 
prey on nearly all other invertebrates, including each other (11, 20, 84, 129, 
171, 195). When species share common prey and also eat each other [i.e. 
intraguild predation (see 140)], food web connections will be complex. For 
example, nymphs of the large dragonfly Trumeu lucerutu prey on smaller 
dragonflies and on various other taxa such as damselfly nymphs that are also 
eaten by the smaller dragonflies. The addition of Trumeu to a community will 
have a direct negative impact on damselfly nymphs but also an indirect positive 
effect through reduced numbers of other dragonfly predators. The net impact 
of Trurneu predation in a community context is much lower than would be 
predicted from experiments involving only Trumeu and damselflies (195). In 
wetlands with many predatory insects, the community-level impacts of remov- 
ing or adding a predator will be difficult to understand in the absence of 
manipulative experimentation. 

Most large predatory insects in fishless habitats are also notoriously canni- 
balistic (6, 84, 130, 140, 171, 175, 180), which may play an important role in 
regulating their populations (1 80). A generalized diet, and specifically canni- 
balism, may be important for colonizing predators that arrive in temporary 
habitats before preferred prey are abundant (194). Cannibalism in ephemeral 
wetlands may ensure that at least some individuals complete development 
before habitats dry (196). 

Many of the predatory insects consume zooplankton (84, 197). Because 
of the high surface area-to-volume ratio, linkages between the benthic and 
zooplankton communities in shallow lentic habitats like wetlands presumably 
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should be stronger than those in lakes. Although Richardson et a1 (151) found 
little evidence for this hypothesis, more data from different wetland types 
are needed to determine if benthic and planktonic communities are tightly 
coupled. 

Various adult and larval amphibians can be seasonally abundant in fishless 
marshes and forested wetlands. The eggs and/or larvae of these amphibians 
are eaten by predatory insects that thrive in ephemeral wetlands (19, 60, 88, 
110, 157, 178, 179). Conversely, the tadpoles of many salamanders and a few 
frogs and toads are predatory and, in some habitats, can regulate the abundance 
of insects and influence the size distribution of their communities (18, 75, 
188). Interactions among fish, amphibians, and predatory insects can be com- 
plex. For example, Werner & McPeek (187) found that bullfrog tadpoles, 
which coexist with fish in permanent habitats, are quite vulnerable to predation 
by dragonfly nymphs and salamander larvae, both of which are excluded by 
fish from permanent habitats (187). In contrast, green frog tadpoles, which are 
most abundant in ephemeral habitats, are more vulnerable to fish than to 
dragonfly or salamander predation (1 87). Clearly, hydroperiod will have an 
important impact on the assemblage of top aquatic predators in wetland com- 
munities. 

Although wetlands are often described as being situated at the ecotone 
between aquatic and terrestrial ecosystems, surprisingly little information is 
available about the movement of energy across that ecotone. Much of the 
evidence about this phenomenon addresses bird consumption of wetland in- 
sects. Many dabbling ducks readily prey on wetland insects (120) (see section 
on insects and waterfowl management, below). Several other groups of birds, 
such as swallows, martins, and blackbirds, also rely heavily on wetland insects 
as prey, especially during the breeding season (17, 120, 135). Orians (134) 
concluded that the emergence of particularly important prey items such as 
damselflies can play an important role in the timing of reproduction in marsh- 
nesting blackbirds. During the breeding season, the impact of these birds on 
insect mortality can be extremely high. For example, while feeding nestlings, 
red-wing blackbirds captured 50% of all emerging dragonflies as they trans- 
formed on stems of emergent plants (192). 

The degree to which aquatic insect communities are regulated by top-down 
(by predatory insects, fish, amphibians, or birds) or bottom-up processes 
(abundance of detritus and/or algae) has not been investigated for most 
wetlands. Several recent experimental studies, however, suggest that the 
relative importance of top-down and bottom-up control varies between and 
even within wetlands (11, 69, 125). In a seasonally flooded marsh, Baker 
& Resh (1 1) manipulated vegetation density and found that the densities of 
beetle larvae (the top predator) were considerably lower in 100% than in 
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50% vegetation plots. Beetle predation in the 100% vegetation plots was not 
sufficient to regulate midge populations, which were eventually limited by 
periphyton abundance (bottom-up control). In adjacent plots with 50% plant 
cover, the large numbers of beetle larvae were sufficient to control midge 
densities (topdown control), and in the absence of midges, periphyton 
abundance increased. Later when beetles emerged, midge populations in 50% 
plots rebounded in the presence of abundant periphyton. These results 
emphasize that regulation in wetland food webs can vary temporally depend- 
ing on insect life-cycle dynamics and spatially depending on vegetation. 
Dense stands of emergent or submersed vegetation, by acting as a refuge 
and/or by reducing predator-foraging rates, mediate predator-prey interactions 
among aquatic insects ( 1  1 ,  37, 199), between fish and aquatic insects (46, 
137), and between waterfowl and aquatic insects (122). In summary, the 
relative importance of topdown and bottom-up mechanisms in regulating 
wetland insect communities should vary both spatially and temporally de- 
pending on vegetation characteristics, hydroperiod, and the seasonal dynam- 
ics of predators and prey. 

Succession 
Above we discussed how life-history strategies affect the initial colonization 
of newly inundated wetlands. Here we discuss how communities subsequently 
change following that colonization phase. After inundation, species richness 
and overall density of the invertebrate community steadily increase for one to 
six months and then level off for that year (92,95,183). Densities can continue 
to increase during a second year of continuous flooding (101, 102). Multivolt- 
ine species that produce population peaks followed by mass emergence will 
cause temporary deviations in this pattern (95). 

In addition to density changes, species compositions can also change (12, 
42,49, 81,92,95, 102). In terms of numbers, various crustacean zooplankton 
and dipteran larvae tend to dominate soon after inundation and are then re- 
placed by beetles, hemipterans, mayflies, odonates, and finally macrocrus- 
taceans and other wingless macrofauna (12, 42, 49, 81, 92, 95, 183). The 
initially abundant taxa are desiccation-resistant species and rapid cyclic colo- 
nizers; they are followed by permanent water species that either disperse slowly 
or enter the habitat through flood waters (see colonization section). 

Some changes in communities reflect trophic status. Among the midges, 
early colonizers are often detrital feeders, followed by algal feeders, and finally 
predators (102); Chironornus midges are noted early colonizers (12, 49, 95, 
102). Densities of many insect predators, as well as other predaceous wetland 
taxa, tend to increase the longer the wetland remains flooded (12,49,92,95, 
183). 
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APPLIED ECOLOGY 

Insects and Wate$owl Management 

INSECTS CONSUMED BY WATERFOWL Invertebrates are readily consumed by 
waterfowl on breeding grounds and in wintering areas (47, 120). Waterfowl 
often congregate in habitats rich in invertebrates (96, 120). Of the insects, 
midge larvae and emerging adults are of most importance to ducks (10, 47, 
52,102, 120, 164), with caddisfly larvae, odonate nymphs, water beetle larvae 
and adults, and water boatmen comprising other important foods (10,21, 120, 
132). However, the swimming agility of some of these latter groups makes 
them difficult for waterfowl to catch unless densities are high (10, 87). 

Large duck species typically consume the larger insect species while smaller 
ducks consume both large and small insect taxa (10, 120, 132). Even within 
an individual midge species, some ducks may consume only the larger, more 
mature larvae (10). This pattern is related in part to the relative coarseness of 
the bill lamellae among different kinds of ducks (120, 132). Thus, abundance 
of the larger invertebrates, rather than simply overall abundance, may be the 
better predictor of waterfowl foraging behavior (87), and factors that influence 
invertebrate size may have important management implications (7). Because 
waterfowl consume only certain invertebrate taxa, the common practice of 
classifying insects only to order or family rather than to species may be 
inadequate for an accurate description of the interactions between waterfowl 
and insects (10, 52). 

MANAGEMENT OF INSECT RESOURCES Techniques to manage insect popula- 
tions in waterfowl habitats are being developed. Of the habitats managed for 
waterfowl, insects are particularly abundant in seasonally flooded and semiper- 
manent marshes. Midges, beetles, water boatmen, and mosquitoes can domi- 
nate the macroinvertebrate fauna of these habitats (12, 23, 49, 87, 101, 106, 
122, 125, 153). In managed swamps, many insect groups are less abundant 
than in marshes (with the exception of certain midges), but molluskan and 
macrocrustacean foods can be more abundant in swamps (49, 100, 101). 

Several studies have contrasted relative insect abundances among different 
water depths. Some of the insect taxa known to be waterfowl food items are 
most abundant in shallow water (95, 100, 101, 152); others flourish in deep 
water (13, 23, 95, 143); and still others show no significant depth preference 
(12, 101, 106). Even the same benthic midge species can be concentrated in 
deep water zones of some marshes and shallow zones of others (10). Given 
the mixed responses of insects to water depth, management strategies should 
provide a diversity of depths. Although benthic insect larvae in deep water 
zones may be inaccessible to dabbling ducks, they become particularly vul- 
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nerable to them during emergence (164). Seasonal drawdowns also make 
insects in deep water more available to dabbling ducks (100, 152). 

Several studies found that numbers of water boatmen, beetles, and benthic 
midges can be increased by mowing dense marsh vegetation (12, 13, 87, 122, 
125). However, the enhanced numbers of predatory insects in mown habitats 
can reduce numbers of some prey (1 1). Rototilling (87) or herbicide treatments 
(169) are less desirable alternatives to mowing for reducing vegetative cover 
because they may harm insects. 

Adding detrital food to wetlands does not seem to be an effective way to 
increase numbers of invertebrates for ducks (5,125). Using fertilizer to increase 
algal food supplies can increase invertebrate numbers in some cases (59) but 
not others (123). As discussed previously, the impact of predators may reduce 
any response of consumers to food additions (5). Several descriptive studies 
suggest that reducing predation pressure on wetland insects may increase their 
numbers and thus benefit waterfowl (12, 69,76, 77, 104). 

Pest Management 
Because of the environmentally sensitive nature of wetlands, the development 
of mosquito-control strategies that do not harm nontarget species has become 
a priority. In tidal marshes, several innovative and safe techniques to control 
mosquitoes are already being used (40). Unfortunately, in nontidal wetlands, 
mosquito control has not yet reached this level of sophistication, and pesticide 
applications are still the primary means of control. However, several studies 
indicate that natural and ecologically safe strategies could be implemented to 
control mosquitoes in nontidal wetlands. 

In many cases, native predators effectively control mosquito populations. 
In temporary pools, phantom midge larvae (117), tadpole shrimp (58) ,  or 
beetles (1 83) can control mosquitoes. In more permanent habitats, native fishes 
may be important mosquito predators (97). The presence of some predators 
may control mosquitoes indirectly by deterring mosquito oviposition (18, 58). 
Numbers of some predatory beetles in wetlands can be managed by manipu- 
lating vegetative cover (12, 13). 

Mosquito larvae are usually associated with particular plant growth forms 
(149), and the cover provided by macrophytes can reduce the susceptibility of 
mosquito larvae to predation (136). Experimental reductions of plant cover 
have reduced mosquito densities (12, 13, 136, 137), and some of these ma- 
nipulations also improve wetland habitats for waterfowl (12, 13). Other tech- 
niques to reduce mosquito problems while maintaining or improving habitats 
for wildlife are listed or reviewed by Batzer & Resh (1 3). 

Herbivorous wetland insects may be useful for controlling noxious plants. 
For example, in North America, native wetland plants are being displaced by 
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purple loosestrife (Lythrum sulicariu), an exotic invader from Europe. Malecki 
et al (103) review an on-going coordinated effort in the United States to 
implement classical biological-control methodology to manage purple loose- 
strife using insect herbivores introduced from European wetlands. 

Wetland Conservation 
Drainage and water regulation can eliminate or degrade wetlands and their 
associated insect communities (e.g. 1, 36, 65, 91). Grazing of livestock is an 
additional stress on wetlands that has negative impacts on insects (74, 185). 
Increased sedimentation rates into wetlands from numerous anthropogenic 
activities may affect wetland insects indirectly by damaging wetland vegetation 
(85). Although some wetland insects are threatened with extinction (57, 185), 
insects rapidly recolonize restored wetlands (91), and the recovery of an 
endangered damselfly was attributed to creation of new artificial wetlands (57). 
In efforts to restore or preserve wetlands, insect communities are now being 
used by scientists as indicators of biotic integrity, particularly in Europe (1, 
36, 65,74,91). 

Pesticides in wetlands affect insects (182), and the potential loss of insect 
foods for wildlife is of special concern (31,67). Some insecticides or herbicides 
are intentionally applied to wetlands for mosquito or pest-plant control (31, 
163, 169, 172). However, many pesticides enter wetlands unintentionally via 
drift or run-off (45, 53, 67, 116, 186). Insecticides pose the gravest threat to 
wetland insects; for example, organophosphate mosquito larvicides can kill a 
broad spectrum of wetland insects (163). Alternatively, the microbial mosquito 
larvicide Bacillus thuringiensis israelensis has minimal impact on nontarget 
wetland insects (3 1). Although laboratory studies indicate that this insecticide 
can kill nontarget midge larvae, the water temperatures, water depths, and plant 
cover typically present in the field help protect naturally occurring midges 
(31). Insecticides used to control crop or forest pests can drift into wetlands 
and kill resident insects, particularly if they are applied aerially (53, 116, 186). 
Unfortunately, some of these insecticides may be unusually persistent in wet- 
land environments (53). 

Herbicides also pose a threat to wetland insects. Some herbicides are inten- 
tionally applied to wetlands to regulate plant cover or kill noxious weeds (103, 
169, 172), but run-off from agriculture is a particularly serious problem (45). 
The primary influence of herbicides on wetland insects is indirect in that they 
kill the macrophytes and algae that wetland insects require (45, 172). 

Neither eutrophication nor acidification of wetlands appears to strongly 
influence resident insects, at least directly. Introductions of massive amounts 
of agricultural wastewater laden with phosphorous and nitrogen into the Florida 
Everglades did not harm insects (144). However, those insects may eventually 
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be affected indirectly as overgrowth by cattail chokes productive open-water 
habitats (144). Acid or acidified wetlands typically support healthy insect 
communities (17, 63, 77, 108, 139, 155). Apparently, many wetland insects 
can tolerate broad ranges of environmental pH (63, 155, 161), so they may be 
poor indicators of environmental stress from acid pollutants. 
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