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Ways in which invertebrates colonize lotic habitats are reviewed, tracing patterns in behaviour, trophic ecology, 
and life history that could lead to predictions concerning resilience of stream communities after disturbance. 
Patterns are described for small-scale experimental studies using introduced or natural substrates, for large-scale 
observations sf new or rewatered channels, for rivers recovering from pollution, and for unstable rivers with 
Fluctuating discharge. Colonization depends ow invertebrate mobility (drift, swimming, crawling, and flight), 
substrate texture and associated food supplies, competition, and predation. Epilithon-browsers and fitter feeders 
can use the resources of smooth stones; gatherers colonize as Fine detritus accumulates; grazers increase as 
periphyton becomes established; shredders and predators tend to be late arrivals. Propagules for colonization 
are made more available by asynchronous and aseasonal life cycles, long oviposition periods, and refuges in the 
streambed or neighbouring waterbodies. Species in frequently disturbed streams benefit from these characteris- 
tics. Although disturbance may be due to stochastic factors, recovery is not due to chance. Recurring ecological 
patterns among early colonizers suggest that knowledge of the hydrologic regime, food resources, and dominant 
taxa can be used to predict the overall resilience of a stream community. 

L'auteur examine les diverses maniPres dont les invertebres colonisent les habitats lotiques en etablissant les 
sckGmes de cornportement, 116cologie tropkique et les cycles de vie qui pourraient permettre de prevoir la capa- 
cite de r6tablissement des corremunaut6s des eaux courantes aprPs qu'elles aient 6t6 perturbkes. IB d6crit les 
regimes etablis lors d'experiences 2 petite 6chelte 2 partir de substrats nouveaux ou naturels, d'observations A 
grande echelle de nouveaux et d'anciens lits, ainsi que d'etudes de riviitres aprPs leur pollution et de rivieres 
instables 2 debit irregulier. La colonisation depend de la mobilite des invert$bres (derive, nage, reptation et vol), 
la texture du substrat et tes ressources alimentaires qu'il contient, la competition et la prkdation. Les brouteurs 
d'epilithon et ies filtreurs peuvent se nourrir A meme les pierres lisses; les rkcolteurs s'etablissent au fur et A mesure 
que les detritus fins s'accumulent; l'abondance des brouteurs augmente en fonction de la croissance du peri- 
phytow tandis que les predateurs et les dkchiqueteurs tendent 2 slimplanter en dernier. La colonisation par pro- 
pagules est favorisee par des cycles de vie asynchrsnes et non saisonniers, de Bongues periodes d'oviposition et 
le refuge dans le lit du cours d'eau ou des bassins avoisinants. Les espitces peuplant des cours d'eau frkquemment 
perturb& bknkficient de ces caractkristicpues. Quoique les perturbations peuvent &re le rksultat de facteurs sto- 
chastiques, le rktablissement ne se fait pas au hasardo Bes schitmes 6eologiques recurrents observes chez les 
premiers colonisateurs portent 2 croire cpu'une connaissance du regime hydrologique, des ressources atimentaires 
et des taxons dominants peut permettre de prkvoir la capacitk de r6tablissement d'une communaute lotique. 
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1. Introduction 

Streambeds providing the basic habitat of lstic invertebrates 
are vaisusly exposed to the forces sf flowing water and, in 
certain climates, to drought. Because most invertebrate species 
are mobile or sedentary rather than sessile, many individuals 
are displaced during periods of high discharge when rocks may 
be scoured, overturned, or rolled downstream, and finer 
streambed substrates are stined or shifted. Even moderate var- 
iations in flow often result in unoccupied patches of substrate. 
At the other extreme, drought may temporarily bare the entire 
streambed. In spite of such disturbances to their environment, 
benthic invertebrates are diverse and abundant in unpolluted 
running water. How do populations reestablish themselves? 

According to theories developed by MacArthur and Wilson 
(1967), a superior colonizer in an uncrowded environment has 

an advantage due to its high rate of population growth. Asso- 
ciated characteristics are small body size, semelparity, and short 
life span (Piarka 1970). These traits are shared by most stream- 
living macroinvertebrates (although many molluscs are excep- 
tions); and if true to theory, at least the arthropods dominating 
lotic benthic assemblages should be good colonizers. They are, 
of course, in the sense that they maintain populations in the 
often-uncertain habitat of a stream. However, as this review 
will demonstrate, some taxa are faster colonizers than others 
and share features of life history and trophic ecology that give 
them additional advantages in the early stages of community 
development. 

The purpose of this review is ( 1 )  to trace patterns of colo- 
nizing ability that are evident from descriptive and experimen- 
tal studies in many different streams and (2) to show that these 
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patterns have predictive value which may be used to assess the 
potential resilience of streams exposed or vulnerable to unnat- 
ural disturbance. The emphasis is on insects because more 
information on them is available. 

The need to find ways of predicting responses to disturbance 
is particularly urgent in the case of streams and rivers because 
benthic habitats are often disrupted indirectly by practices and 
pollutants in surrounding catchments. May (1984) doubted that 
any rnultispecies community was sufficiently well understood 
for confident predictions to be made about its response to dis- 
turbance. But he also acknowledged that practical decisions on 
environmentd matters often have to be made in spite of imper- 
fections in our knowledge. Tentative generalizations or patterns 
are a first step in developing guidelines for practical rnanage- 
ment problems. Moreover, the detection of natural patterns is 
the mission of community ecology (Wiens 1984) and forms the 
basis for hypotheses to explain the processes causing patterns. 

In the last decade, ecologists in general have come to realize 
that disturbance may play an influential role in community 
dynamics (Sousa 1984; Strong et al. 1984). Thus, s t rem com- 
munities disturbed by highly variable discharge, for example, 
like many in Australia and New Zealand, would be kept in a 
nonequilibriurn state and prevented from achieving ecological 
saturation and tight species packing, which theoretically should 
characterize a stable, resource-limited and niche-controlled 
structure (Resh et ale 1988; Townsend 1989). 

A disturbed s t rem,  then, has not been seen merely as a prac- 
tical problem to be tackled by applied ecologists. A disturb- 
mce, either real or simulated, has also enabled more basic 
stream ecologists to explore theories on island biogeography 
and the relative importance of stochastic and deterministic pro- 
cesses in shaping community structure. As a result, a large body 
of literature has developed on the rates at which bare patches 
of stream substrate, both large and small, are colonized by 
invertebrates. Studies of recovery following disturbance have 
shown or suggested the colonization mechanisms responsible 
for restoring a community to its predisturbance state. Gore and 
Milner (1990) and Wallace (1990) reviewed many of these 
mechanisms, and Sheldon (1984) and Gore and Milner 
(1990) discussed some numerical responses of colonizing 
aquatic insects. No review, however, has looked for comela- 
tions between named colonizing taxa, their ecological chxac- 
teristics, and the types of streams they inhabit. This review 
considers how, and under what environmental influences, 
invertebrates colonize newly available space at four different 
scales: small bare patches, denuded reaches, new or rewatered 
channels, and broadly disturbed streams. Characteristics corn- 
mon to early or late colonizers are exmined for patterns that 
might lead to predictions for raovery following disturbance. 

2, Colonization Scales and Mechanisms 

Spatial and temporal scales of colonization range from bio- 
geographic to extremely local and immediate phenomena. Vivid 
examples in running waters were given by Sheldon (1984). The 
scale of most experimental work in streams has been small 
(<I m2 of streambed) and has documented the establishment 
of macroinvertebrate assemblages following a variety of treat- 
ments that ensured an initial absence, or lowered density, of 
organisms. A recurring theme in such studies has been the 
MacArthur-Wilson model of island colonization, the islands 
k i n g  the bared stones or patches of substrate (or introduced 
substitutes) (Gore and Milner 1990). lit is arguable whether such 

an approach is a proper use of the model given that (1) the 
original theory was developed for species breeding on islands 
whereas residency in stream patches is transitory, (2) stream 

are not sunounded by a foreign and inhospitable 
"sea9 ' , and (3) the species pool equivalent to the model's main- 

land, which is the source of colonizers, is usually the irnme- 
diately adjacent streambed. The island situation does not even 
resemble the modified scenario of SimberloE (1974). In spite 
sf their imperfections in terns of the MacAghur-Wilson model, 
however, small-scale studies of colonization have resulted in 
valuable information on the mobility of lotic macroipaverte- 
brates and their particular responses to bare patches of substrate. 

Investigations of bare streambeds on a larger scale, as in a 
newly made s t rem channel, we rare; but streams exposed to 
severe disturbance have received more attention and share many 
of the drawbacks facing colonizers. A new channel with no 
previous inhabitants relies on somewhat distant sources for 
immigrants. Streams recovering from spates, drought, or 
unnatural chemical inputs may likewise depend on distant 
sources of colonizers but sometimes retain a few species or 
individuals in an unaffected refuge or life history stage. 

Whatever the scale or cause of the uninhabited area of 
streambed, colonizers may reach a restored habitat in one or 
more ways: drifting (in the water) from upstream sources, 
crawling or swimming from adjacent substrates, including the 
hyporheic habitat, hatching from eggs laid near, on, or in the 
water, or flying in (amphibious bugs and beetles) and resuming 
an aquatic existence (Williams and Hynes 11976). Both the 
method and the timing of immigration by particular organisms 
depend on specific traits expressed in behaviour and life cycles 
that cause or allow a certain pattern. 

3. Factors AWcting Colonization of SmdI Patches 

3.1. Mobility of Invertebrates 

Bare substrates placed in a stream have been shown to house 
invertebrates within 24 h, even when the substrates beforehand 
had been thoroughly dry or acid-scoured (and thus without 
epilithic growths) rather than merely brushed free of fauna (e.g . 
Wise and Molles 1979; Ciborowski and Clifford 1984; Lake 
and Doeg 198%; Boulton et al. 1988; Doeg et al. 198983). Such 
rapid occupation of empty habitat shows that certain stream 
dwellers are extremely mobile. Some of these early arrivers 
may merely inspect the substrate during the course of their 
normal widespread foraging, and then d e p a  just as rapidly 
(Gdller and Cambell 1989). More sedentary organisms may be 
true colonizers in that they remain in the habitat until some 
other factor removes them or stimulates their departure some 
days or weeks later. B d y  net numeficd change, rather than 
actual immigration and emigration, has been followed in most 
colonization studies; but some tma increase in density sooner 
than others, reflecting both their own activity md the means 
by which propagules arrived. 

3.l.H. Dr@ 
When introduced substrates have been positioned to allow 

access from only certain sources (drift, adjacent natural sub- 
strates, air), drift seems to have provided most of the irnrni- 
grants (Townsend and Hildrew 1976; Williams and Hynes 1976; 
Bird and Hynes 1981; Benson md Pearson 1987). Certainly 
those taxa most often listed among the earliest arrivals on bare 
substrates, such as Baetidae, Gamrnarus, SimuBiidae, and Chi- 
ronornidae (e . g . Waters 1964; Ulfstrand et al . 1 974; H ynes 
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1975; Gray and Fisher 1981 ; Lake and Doeg 1985; Malmqvist 
and Otto 1987; Dudley 1988), are also known to be prominent 
in the drift (Waters 1972). However, Doeg et al. (1989b) found 
that drift contributed less than 58% of immigrants over 18 d, 
and they noted that the design of some substrate-holding trays 
hindered accessibility by crawling invertebrates in the sur- 
rounding streambed, resulting in overestimates of drift in these 
cases. 

Minshall and Petersen (1985) claimed that drift was the pri- 
mary means of redistribution of benthic organisms in streams. 
It is a particularly important relocating mechanism for inver- 
tebrates that do not move far under their own power such as 
the relatively sedentary filter-feeding caddisflies, black flies, 
and chironomids. Also, as discussed later with respect to large- 
scale events, drift from upstream reaches undoubtedly allows 
many taxa to recolonize disturbed reaches far downstream. 
Recent research employing direct observations of small patches, 
however, suggests that many of the extremely mobile inver- 
tebrates swim and crawl in all directions as well as drifting 
(Hart and Resh 1980; Wiley and Kohler 198 1; Kohler 1984, 
1985; Richards and Minshall 1988; Kohler a d  McPeek 1989). 

3. B -2. Swimmifig 
The vigorous swimming of Baetidae, Siphlonuridae, and 

some Oligoneuriidae is familiar to anyone who has tried to pick 
these mayfly larvae from a live sample of stream benthos. Cam- 
maus is also a strong swimmer in sheltered water, and even 
in riffles can use deadwater areas downstream from rocks to 
scuttle across a stream (Hynes 1970). Some leptophlebiid 
mayfly larvae swim considerable distances upstream at certain 
times in their life cycles (Hayden and Clifford 1974; Stider- 
strom 1987). 

Swimming down to the substrate allows some drifters to leave 
the water column deliberately, as seen in Baetis and Gmrnargas 
(Ciborowski and Corkum 1980). Mayfly larvae use dorsoven- 
trd undulations to swim downwards, and reach the bottom far 
sooner than stonefly and caddisfly l m a e ,  probably because the 
hair-fringed cerci form an effective paddle (Otto and Sjostrom 
1985). Therefore the rapidity with which many mayflies and 
other lotic invertebrates reach local bare substrates may be due 
partly to drift and partly to their swimming, either from place 
to place on the substrate or when leaving the drift. 

Doeg et al. (1989b) inferred that swimmers were important 
colonizers of experimental trays of sandy substrates in slow 
water that were raised above the streambed and out of reach of 
crawlers. Although these trays could have been colonized by 
drift (e.g. Cibrowski (1987) has shown that drifting Baetis 

sported laterally to slow water at s t rem mar- 
gins), the taxonomic composition of drift (collected in a drift 
net) in this study was different from the fauna colonizing sand. 

3.  B 3. Crawling 
Nearly all benthic macroinvertebrates can crawl, and some 

do so rapidly. Giller and Cambell (1989) concluded that crawl- 
ing contributed as many mayflies to the colonization of 
implanted natural substrate trays as drift did, and that six spe- 
cies of the eight mayflies in the stream reached the trays only 
by crawling. 

The mobility of grazers has attracted particular interest 
because their fwd  resources, at least in the form of dgal per- 
iphyton, c m  k quantified. Kohler (1984, 1985) showed that 
the direction and extent of movement by Baetis were related to 
priphyton levels. W e n  the quantity of algal food was low, 
Baetis larvae moved more quickly and turned more often as 

they searched for a food-rich patch. Highly mobile grazers are 
able to cope with the patchy distribution sf periphyton and find 
rare but preferred food items (Hart and Resh 1988; Hart 1981). 
Richards and Minshall(1988) estimated that 40-50% of Baetis 
larvae arriving on a single rock reached it by crawling. Cibo- 
rowski (1987) proposed that Bactis larvae settling out from the 
drift in marginal areas continued their search for food by crawl- 
ing back towards periphyton in faster water. 

After studying sources of colonization in a Sri Ladan  river, 
Benzie (1984) concluded that all immigration resulted fmm 
random foraging activities over short distances. On a small 
scale, therefore, crawlers could colonize bare patches as effec- 
tively as drifters and swimmers. 

3.1.4. Flight 
At appropriate seasons, small patches of stream substrate may 

be colonized by flying (adult) insects. Amphibious adults (bee- 
tles and bugs) may fly in and remain. Nowaquatic adults may 
enter the water partly or completely to attach their eggs to sub- 
merged objects; others drop their eggs above water that pro- 
vides appropriate cues. Some adults oviposit on banks or dry 
streambeds, providing a source of colonizers after drought %t. 

Oviposition is a means of rapid colonization, but adult activity 
and numbers of eggs per unit area of substrate are seldom 
documented. 

The most importamt colonizing attribute of winged adults is 
their mobility which, together with appropriate sensory sys- 
tems, allows them to search for suitable habitats. Moreover, 
some ovipositing adults are attracted to clean smooth substrates 
(Deutsch 1984; Imhof and Smith 1979) such as those often used 
or deliberately created for small-scale studies. Extensive ovi- 
position was recorded on substrate trays placed in a desert 
s t rem after scouring spates in winter and summer (Gray and 
Fisher 198 1). Total aerial colonization, including nonrepro- 
ductive adults, accounted for two thirds of the taxa recolonizing 
the desert stream. Several species with long flight periods, and 
one that was iteroparous, ensured that adults could remain in 
the terrestrial environment until stream conditions became suit- 
able, and that colonization could occur during most s f  the year 
(Gray 1981). In a long-term study where substrate baskets were 
introduced each month, Williams (1 980) recorded several 
instances of mass colonization by first-instar larvae. He attrib- 
uted their arrival to drift; however, larvae could have developed 
from eggs laid directly on the substrates, and an origin from 
egg clusters would explain the conspicuasusly clumped distri- 
bution of larvae. 

3.2. Substrate Texture and Food 

m e n  smdl patches of substrate are physically disturbed, or 
when substrates are treated to mimic the disturbance effects, 
the factors most often described as having an influence on sub- 
sequent colonizers are changes in substrate texture and in the 
food resources associated either with the substrates themselves 
or with their arrangement on the streambed. As f w d  materials 
and food gathering are difficult to separate from attributes of 
the substrate, they will be considered together. 

3.2.8.  Suflace characteristics of substrates 
Mild disturbance, such as turning a rock upside down, has 

little effect on grazers like baetids and glossosomatids, which 
will graze on periphyton on the under surface of a rock, as long 
as it fulfills their nutritional needs (Boulton et al. 1988). Hep- 
tageniids quickly move from one side of a stone to another and 
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graze upper and lower surfaces (B. A. Heise, University of 
Toronto, Toronto, Ont . , pers. comm.) . Grazers depending on 
well lit priphyton "lawns," like Leucoaichia, are more 
severely affected (McAuliffe 1984), as are sedentary filter feed- 
ers in unsuitable below-stone currents (Boulton et al. 1988). 
Some of these organisms may move to the upper surface if the 
texture is suitable, but others are unable to change their posi- 
tions (McAuliffe 1984). By turning rocks over at different inter- 
vals, Robinson and Mhshall (1986) maintained periphyton 
biomass at Bow levels and found that invertebrate density and 
species richness were reduced as disturbance frequency 
increased. Therefore, this kind of tumbling has a negative effect 
on the community as a whole, but some invertebrates can feed 
on any rock surface or move to the preferred one. 

When disturbance is severe, resulting in the scouring of 
epilithsn and loss of trapped detritus and invertebrates, the sub- 
stsates at first offer colonizers only attachement sites and shel- 
ter. Simuliidae l m a e  are known to avoid substrates covered 
with detritus, algae, or slime and to select smooth surfaces for 
attachment (Chutter 1968; Gersabeck and Memitt 1979; Cibo- 
rowski and Clifford 1984.; Dudley et al. 1986; Morin 1987; 
Hershey and Hiltner 1988; Doeg et d. 1989b). Because these 
larvae are filter feeders, and hence independent of food mate- 
rials growing on the substrates, they can take early advantage 
of unoccupied space. 

Hydropsychid caddisflies are among insects favouring 
smooth clean surfaces for oviposition. They normally lay their 
eggs on smooth undersides of rocks that are free sf silt (personal 
observations) and readily respnd to substitutes in the form of 
acrylic tiles (Deutsch 1984) or hardboard (masonite) plates (e. g . 
Beckett and Miller 1982). Some Sirnuliidae behave in a similar 
way (Imhof and Smith 1979). Therefore9 bare patches may 
attract ovipositing insects at appropriate seasons even if the 
actual propagules are not immediately obvious. 

B a e  stones soon become covered with organic layers, 
including a plysaccharide slime produced by colonizing bac- 
teria (Geesey et al. 1978; Rounick and Winterboum 1983). It 
is possible that the dissolved organic matter adsorbed onto 
stones provides a source of nutrients even before bacterial col- 
onization because Winterbourn et d. (1985) found that Baetis 
spp. removed material from ashed stones without a detectable 
organic layer; and another species of Baetis rapidly colonized 
stones that had k e n  acid-scoured by Boulton et d. (1988). This 
behaviour suggests that at least some species of Baetis are 
adapted for removing the thinnest of epilithic films, and can 
thus feed like browsers before the development of an algal layer. 
""Browsers" is a tern used for invertebrates feeding on the 
organic layers of stones in New Zedand streams (Rounick m d  
Winterhum 1983). As fine epilithic detritus begins to accu- 
mulate, gatherers are provided with recognizable food (Madsen 
1972; Calow 1975). A heterotrophic epilithic community can 
resemble that of undisturbed substrates within 13 d (Osbome 
1983). 

Periphyton begins to regenerate as propagules are transported 
by the current, perhaps making use of more labile elements of 
the heterotrophic organic layer. Newly arriving Baetis l m a e  
recognize relative abundance of periphytsn (Kohler 1984; 
Richads and Minshall 1988) whose development is tracked by 
other colonizing grazers (McAuliffe 1983). In an ungrazed 
community, maximum p r i m q  productivity has been attained 
21 d after exposure of bare nonstream gravel (Osbome 1983). 
However, like Baetb, not all apparently herbivorous grazers 

are dependent on pfiphyton for colonization. Boulton et d. 
(1988) found that colonization patterns were similar on brushed 
and acid-scoured stones, although periphyton was slow to 
develop on the latter. A dominant scraper (Agapetus) was found 
by Lake and Doeg (1985) to be more dense in the colonizing 
fauna than on surrounding natural stones, perhaps because it is 
favoured by an early stage h periphyton succession as well as 
by the relative absence of silt in experimental substrates. 
Another example of preferential colonization of rocks with 
depleted periphyton was given by Ogilvie ( B 988) for the mayfly 
Epeorus, which she called a generalist feeder. 

As epilithic growths develop, they change the texture of the 
substrate surface. Hydropsychid caddisfly l m a e  require sur- 
face irregularities for the attachment of their retreats and cap- 
ture nets (personal observations). On rough-surfaced rocks, they 
are early colonizers (personal observations) because, like simu- 
liids, they use seston as food. On smooth rocks, their numbers 
are small until algal growth or moss is well developed (Hynes 
1975; McAuliffe 1983; Dudley et al. 1986). This requirement 
for rough texture may explain why hydropsychids are later col- 
onizers than simuliids in a Californian stream (Hemphill and 
Cooper 1983 ; Hemphill 1988). Hydropsychid retreats, Rheo- 
tanytarsu~ tubes, sirnuliid pupal cocoons (resembling moss), 
and other structures made by sedentary invertebrates in turn 
facilitate the colonization of additional taxa by further increas- 
ing structural complexity and shelter (Meier et al. 1979; 
Deutsch 1980; Diamond 1986; Malmqvist and Otto 198'7). 

3.2.2. Size of substrate particles 
Stones in experimental substrate trays do not offer the same 

range in stone size as natural substrate patches, but do mimic 
physically disturbed patches in that they are loose, with inter- 
stitial spaces at first free s f  silt and detritus. The size of sub- 
strate particle, and hence the size of interstitial spaces, affects 
colonization in two ways. First, large pebbles and cobbles 
(>40 mm in diameter) tend to be more stable and, once the 
surface is suitably conditioned, are mmo likely than finer sub- 
strates to attract clinging sedentary organisms (Khalaf and 
Tachet 1 980; Malmqvist and Otto 1 987). The interstitial spaces, 
however, do not provide as much shelter for small invertebrates 
as those in gravel, which, if silt free, attract greater densities 
of organisms than the surrounding substrates (Minshall and 
MinshallB977; Williams and Mundie 1978; Shaw and Minshall 
1980). Finer experimental substrates tend to collect a different 
fauna, including more burrowers such as oligochaetes, clams, 
and chironomine and tanypodine chironomids (Williams and 
Hynes 1976; Doeg et al. 1989b). A general conclusion from 
the literature cited is that substrate particle size has conspicuous 
effects on the density and taxonomic composition of the colo- 
nizing fauna. 

The second effect of substrate size is on the accumulation 
and size of detritus particles. Gravel and small pebbles tend to 
trap more fine particulate organic matter (FPOM) than coarser 
substrates do, and are csHonized by the greatest number sf 
macroinvertebrates (Rabeni and Minshal1 1977; Wise and 
MolHes 1979; Barker 1989). In an experiment where fine and 
medium detritus particles were standardized and evenly dis- 
tributed among several substrate sizes, CuHp et al. (1983) found 
that invertebrate response to detritus overrode any response to 
substrate size; but they acknowledged that substrates may be 
selected by some taxa for attributes other than their detritus- 
trapping ability. In contrast, Beckzsky (1980) concluded that 
detritus did not increase colonization by invertebrates, except 
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in summer in a stream where natural leaf inputs were scarce. 
The introduced detritus in her experiment, however, was in the 
form of conditioned whole leaves, and may not have attracted 
gatherers, which are the typical detritivores of the uniform riffle 
habitats imitated by most experimental substrate trays or cages. 
Shedders that could have used whole leaves may have been 
rare in the riffle. Gatherers take advantage of FPOM that rap- 
idly accumulates within the substrates, and are reported to be 
early (but not always the earliest) colonizers in experiments 
(Fisher and Gray 1983; Boulton et al. 1988; Barker 1989). 

3.3. Competition 

As the numbers of browsers, gatherers, filterers, and grazers 
grow, invertebrates begin to interact with each other. Downes 
and Lake (1991) have shown that A~~usosimuliurn torrentium 
is a fugitive species, owing its early colonizing success to the 
absence of other stone-occupying species. Intra- and interspe- 
cific competition for space determines the densities of coloniz- 
ing filterers (Hart 1986; Hemphill 1988; Matczak and Mackay 
1990) and grazers (McAuliffe 1983, 1984; Hart 1985). Inter- 
actions between individual larvae often lead to density-depend- 
ent drift (Hildrew and Townsend 1988; Matczak and Mackay 
1990), which is more prevalent among organisms relying on a 
fixed area of substrate for feeding or other purposes than among 
more mobile drifters (Ciborowski 1987). Besides causing emi- 
gration from the patch under consideration, competition may 
be occurring upstream, resulting in drift, and hence affecting 
the rate at which the patch receives immigrants. 

3 -4. Predation 

Predaceous stonefly larvae on substrate patches can reduce 
colonization by prey taxa (Peckarsky 1985). Significant reduc- 
tions in total community density as well as changes in the rel- 
ative numbers of individual taxa were effected by stoneflies 
moving freely within a substrate cage. The same trend was 
found when stoneflies were confined in mesh containers and 
unable to feed, confirming earlier observations on avoidance 
of predators by prey (Peckarsky and Dodson 1980). 

Early colonizers may enjoy an initial period of enemy-free 
space because dominant predators tend to be later immigrants 
(e.g. Ulfstrand et al. 1974; Allan 1975; Meier et a%. 1979; Shaw 
md Minshall 1980; Peckarsky 1986; Boothroyd and Dickie 
1989). An interesting exception among predators was in a 
swam where the net-spinning caddisfly Plectrocnemia con- 
sperm, which has a high propensity to drift, was an early col- 
onizer (Townsend and Hildrew 1976). Drift of net-spinners is 
known to result from aggressive interactions over net-spinning 
space (Hildrew and Townsend 1980; Matczak and Mackay 
19W), and serves to distribute larvae among unoccupied hab- 
itats. The success of P. csnspersa as an early immigrant, before 
a prey community had developed on the patch, could be attrib- 
uted to the filter-feeding habit; by trapping drifting prey, this 
predator was independent of prey on the patch itself. 

An extreme effect of predation on colonization was seen by 
Gray and Fisher (1981) in a desert stream, where 1 17 adult 
Deroaeectes nebkelosus (Dystiscidae) eliminated all mayflies and 
chironomids in the substrate tray. 

4. Timing in Small-Scale CslsnizaQion Studies 

4.1. Time to Reach Equilibrium 
The sequence sf events during colonization of bare stream 

patches has been described in several ways. Classical 

approaches follow the MacArthur-Wilson island biogeographic 
model in which community structure progresses towards an 
equilibrium. It is unlikely that stream communities exist in 
equilibrium (Lake and B m u t a  1986) although Minshall and 
Petersen (1 985) argued that equilibria1 conditions occur under 
certain Wow regimes. Equilibrium is said to be reached on a 
patch when the arrival rate of new species equals the 
disappearance rate of other species, and thus the total number 
of species (strictly, taxa, owing to limitations in identification) 
becomes more or less constant. Alternative end points in this 
scheme are the stabilization of either a species diversity index 
or total densities (or biomass) per patch. 

When equilibrium is equated with a plateau in number of 
species, the apparent colonization period has been as short as 
4-6 d in some experiments (Townsend and Hildrew 1976; Lake 
and Doeg 1985), but more usually is in the range of 10-25 d 
(Wise and Molles 1979; Lake and Doeg 1985; Minshall and 
Petersen 1985; Peckarsky 1 986). Total invertebrate densities in 
these experiments seem to have levelled off more slowly in 10- 
38 d. The times taken for various kinds of introduced substrates 
to develop equilibrium communities (or stable population 
densities) were tabulated and discussed by Rosenberg and Resh 
(1982) who concluded that even when comparisons were limited 
to rock-filled containers in riffles, colonization times varied 
according to experimental design, season. and geographic 
location. Short-term (less than 2 wk) experiments may be 
unrealistic because an " equilibrium, ' ' as defined earlier, cannot 
develop while substrates are still experiencing changes in 
epilithic texture and interstitial deposition, which affect the 
attractiveness and extent of living space. High early departure 
rates ("extinction") as a result of inhospitability are at odds 
with the classical model. Some sampling intervals may miss 
the "colonization" and "extinction9' of certain species; and at 
some seasons, mass immigration or emigration may be 
occurring in the stream as a whole as a result of egg hatching 
and emergence. 

4.2. Numbers of Individual Taxa 

A second method of timing colonization events is to follow 
changes in numbers of individual taxa. This method shares a 
problem with the classical one: samples of the "island" fauna 
usually cannot differentiate between colonists truly exploiting 
the resources of the patch and individuals that are merely 
exploring the potentials and moving on. For example, the often 
recorded early rise in numbers of Baetis (e.g . Ulfstrand et al. 
1974; Shaw and Minshall 1980; Ciborowski and Clifford 1984; 
Lake and Doeg 1985; Dudley 1988) probably includes much 
coming and going while larvae test periphyton resources before 
eventually staying longer to feed. On the other hand, the equally 
s h q  rise in Simuliidae (e.g. Ulfstrand et al. 1974; Lake and 
Doeg 1985) is more likely to reflect true colonization of bare 
sites for filter feeding. A later decline in simuliid densities has 
been explained as part of the colonization sequence as l m a e  
avoid growing densities of algae and other filter feeders (Lake 
and Doeg 1985; Hemphill 1988; Downes and Lake 1991) or 
simply as due to emergence (Khalaf and Tachet 1977). 

In spite of uncertainties as to true colonization versus explo- 
ration, the individual-species approach reveals which types of 
organisms are available and able to take advantage of changing 
resources. Using this approach, colonization may be described 
as complete either when number of individuals per taxon 
becomes stable or when final densities and relative proportions 
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of the various m a  match those in the community surrounding 
the patch being studied. If colonization is being used as a meas- 
we s f  recovery, then comparing assemblages on experimental 
substrates with those surrounding them is the better guide. 
Rather few small-scale studies have done this in a systematic 
way. Short-term experiments have found inconsistencies in the 
c o m p ~ s o n s  when early colonizers were overrepresented by 
drifters from upstrem habitats (Ciborowski and Clifford 1 984). 
Longer studies (e.g. Bootkoyd and Dickie 1989; Doeg et al. 
1989a) allow time for immigration by less mobile species and 
show how certain unexpected changes in experimental patch 
densities may be explained by similar changes in natural sub- 
strates. Lake and Doeg's (1985) c o m p ~ s o n  of different equi- 
librium criteria in the Acheron and Toorongo rivers showed that 
the numbers of colonizing species over time levelled off con- 
spicuously over 8 d but took 16 or 32 d, respectively, to reach 
the numbers found in the surrounding riffles. 

4.3. Effects of Season and Life History 

Timing of events is heavily dependent on season. In yearlong 
or multiseasond studies, colonization has been reported as 
being faster in s u m e r  and early fall in perennial temperate 
streams @haw m d  Minshall 1980; Williams 1980; Doeg et al. 
1989a). In most temperate streams, recruitment in general is 
higher at these seasons for many species. Dispersal (drift, 
crawling) from crowded egg-hatching sites, oviposition directly 
on experimental substrates, and greater activity at higher tem- 
pratures all increase chances of invertebrates being recovered 
on the newly available introduced space. Faster periphyton 
development in summer increases the rate at which epilithic 
growths attract and sustain grazers. In Australia, where s u m e r  
is the season of peak riparian litter fall (Bunn 1986; Lake et al. 
1986), benthic organic matter accumulated faster in experi- 
mental patches in summer than in winter (Doeg et al. 1989a) 
and may have attracted colonizers. The more colonizing mech- 
anisms that are available at my one time, the faster colonization 
will be at that time. 

The effect of invertebrate life history on colonization is more 
complex than the simple seasonal recruitment mentioned above. 
If colonizing propagules for a species are limited to a particular 
life history stage, e.g . gravid females ovipositing directly, or 
age-restricted drifters, then at times when propagules are 
unavailable, fewer colonizers can be expected on experimental 
substrates even though the species is present in the surrounding 
benthos. This limitation might explain why substrates in Lake 
and Doeg's (1985) Acheron II experiment, which was carried 
out in winter, never matched natural substrates in number of 
species and why chironomids, which were known to be mainly 
summer drifters, were slow to colonize substrates in another 
winter experiment in the Acheron River (Doeg et al. 1989a). 
When propagules are produced more frequently or are active 
over longer periods, colonization is completed more quickly. 
For example, rapid colonization in intermittent desert streams 
has been attributed to nearly year-round oviposition by some 
insects owing to long-lived females or to wide-ranging Wight 
from asynchronous populations in permanent habitats (Gray 
1981). Asynchony and the lack of seasonality in life cycles of 
many New Zealand stream-living insects mean that emergence 
and oviposition can take place over many months (Winterbourn 
1978; Towns 1981). Australian populations also seem to be 
poorly synckonized (Marchant 1986). Insects are not the only 
invertebrates with as ynchonous development. Gammarus, too, 

is often seen in a wide range of size classes so that appropriate 
sizes for scavenging among bare patches are always available, 
as well as reproductive stages (Ulfstrmd et al. 1974). 

5. SmdB-Scale Studies of Disturbance IntenasiQ and 
Frequency 

The basic supposition, when introducing experimental sub- 
strates into streams, is that the particular treatment mimics some 
level of natural disturbance. Thus, rocks that are picked clean 
of invertebrates, but not dried or scraped, are equivalent to 
stream substrates subjected to some tumbling or shifting, which 
washes away associated animals and interstitial silt but leaves 
rock texture intact, together with attached microbial and algal 
growths. Scrubbing and drying remove live epilithon, but may 
leave some regenerating material. Disturbances severe enough 
to scour away basal epilithic structures md  marl have been sim- 
ulated by substituting quaurgr stones, or by exposing natural 
s t rem rocks to acid or mechanical abrasion. 

During a month-long colonization experiment, Lake and 
Dseg (1985) found considerably fewer species on quarry stones 
than on previously brushed and, dried river stones, except on 
the final day. Invertebrate density on quarry stones levelled off 
after 15 d whereas density on river stones continued to rise, 
with conspicuously higher numbers of scraper-grazers. Even 
brushed and dried river stones were quickly able to generate a 
sustaining epilithon for scrapers. In a similar comparison, Bol- 
ton et d. (1988) scoured stones from mother Australian river 
in 2 N nitric acid to mimic severe disturbance. Epilithon recov- 
ery, as expected, was slow, and scraper densities were far lower 
than those on confro1 rocks. However, Baetis densities rose 
rapidly to match control rocks within 8 d, and colonization 
curves for several other tma and total densities, although some- 
what lower, were similar in shape to control curves despite poor 
epilithic development. These comparative experiments dem- 
onstrated consistent patterns of colonization, with the same 
sequence of early and Bate taxa even though densities were 
different. 

The frequency as well as the intensity of disturbance has been 
tested in small-scale experiments. In a Rocky Mountain stream, 
bricks that were turned over at frequent intervals supported Bess 
periphyton and had lower invertebrate species richness and den- 
sity than bricks turned less often (Robinson and Minshdl1986). 
This kind of high-elevation mountain stream normally experi- 
ences a predictable major rise in discharge only at snowmelt, 
which is so predictable that Resh et al. (2988) did not consider 
it to be a real disturbance. Rather, it is a seasonal event to which 
organisms are adapted in terns of life history md  behaviour. 
In such a s t rem,  spates at other seasons are indeed disturb- 
ances; and the more frequent the occurrence, the more severe 
the impact, as shown by experimental overturning of rocks at 
these seasons (Robinson and Minshall 1986). 

In contrast, colonization experiments in streams exposed to 
irregular spates throughout the year do not show clear corre- 
lations between disturbance frequency and community recov- 
ery. In a southeastern USA stream, Reice (1984, 1985) showed 
that recovery sf riffle invertebrates after experimental rock 
tumbling was the same in terns of species richness and diver- 
sity whether tumbling had occurred only once or twice (after a 
2-wk interval). Stream substrates raked three times over 20 d 
in the Acheron River recovered as quickly as patches raked only 
once (Lake et al . 1989). In this Australian river, individual spe- 
cies were dso  unaffected by disturbance frequency, suggesting 
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that all taxa were well able to cope with repeated disruptions 
of the streambed. 

6. Disturbance and Colonization on a Larger Scale 

The small-scale studies reviewed so far are reasonable sim- 
ulations of the colonizing events that might follow local 
disruptions and minor spates. Natural rocks surrounding an 
experimentally denuded patch are like sheltered bays and the 
hyporheic zone following moderate increases in discharge: both 
harbour potential colonizers. The proximity of so many colo- 
nizers, however, means that colonization rates are probably far 
higher in small-scale experiments than in situations when more 
of the streambed is affected. Manipulative experiments on 
whole streams are understandably rape, but studies of new chan- 
nels and of streams recovering from drought, extreme spates 
or floods, and certain types of pollution have all provided infor- 
mation on colonization or recovery rates. 

6.1. Disturbed Reaches 

W e r e  disruption is severe but local, as in the case of pol- 
luting inputs, the substrate is occupied by stream invertebrates 
as soon as it is able to provide shelter and food. For example, 
in a stream polluted by a gasoline spill, invertebrates recovered 
from a 2-25% reduction in densities within 7 mo (with refer- 
ence to an upstream site) and reached full species richness 
within 16 mo (Bontasch and Bmsven 1988). The sequential 
downstream recovery of study sites, as well as the lag in res- 
toration of species richness, suggested that drift was the most 
important colonizing mechanism. Normal drift by organisms 
immediately upstream was probably occurring during the 
severely polluted period, but settling was not permanent until 
the habitat became hospitable. Habitat recovery was aided 
partly by mechanical agitation 1 mo after the spill to remove 
hydrocarbons, and partly by dense periphyton blooms (Pon- 
bsch and Bmsven 1987) which provided abundant food not 
only for grazers but also, perhaps, for gatherers as sestonic 

A4 was trapped and the algae later decayed. In contrast, a 
stream relocated along a uniformly wide, flat-bottomed channel 
filled with gravel and silty sand provided neither interstitial 
habitats for riffle macroinvertebrates nor suitable structures for 
periphyton development and leaf-pack accumulations (Nwf 
1885). Instead, silt flushed out of the new channel was a pol- 
lutant. Not until 5 yr later, when cobbles had been washed free 
of silt, did the colonizing fauna match the upstream reference 
site. A similar pollutant, volcanic ash from the 1980 eruption 
of Mt. St. Helens, was blamed for the slow (>5 yr) recovery 
of the caddisfly fauna in streams within the blast zone (Ander- 
son and Wisseman 1987). 

Another example of recovery after severe locd disturbance 
was given by Eamberti et al. (1991) who described the effect 
of a catastrophic debris flow on a forested stream. Vagile her- 
bivores like chironomids and baetids matched upstream den- 
sities within 1 yr, and less mobile herbivores (glossosomatids 
and pleurocerid snails) did so within 2 yr. Shredders and pred- 
ators were late colonizers. Rapid recoveries were attributed to 
increased primary production in the disturbed reach, which pro- 
vided food-rich habitat for colonizers arriving by drift and 
ovipsition. 

6.2. New Channels and Recovery from Drought and 
Washouts 

Examples of colonization on a truly large scale were pro- 
vided by a newly opened 0.6-km channel that rerouted the 

Tongue River, Wyoming, across nonriverine substrates (Core 
1979, 1982) and by the rewatering of the North Fork of the 
Tetsn River, Idaho, after exposure first to catastrophic dis- 
charge, and then to 3.5 mo (August-December) without flow 
following deliberate diversion upstream (Minshall et al. 1983). 

In both cases, the river upstream from the new or dewatered 
channel was clearly the chief source of colonizers because the 
rate at which sequential study sites were colonized was directly 
related to distance from this source. The colonization site near 
the lower end of the Tongue River new channel received later 
immigrants from the recognizable established community in the 
river downstream, presumably by upstream crawling. Aerial 
colonization was also possible during at least the fist 3 wk of 
the study (August). In the Teton River, the distance (>20 km) 
of the study sites from the Snake River downstream, and the 
December opening of the North Fork, meant that drift was prob- 
ably the only colonizing mechanism there for the first few 
months; dewatering had destroyed resident populations, at least 
within the top 50 cm of streambed. During the first 5 mo of 
the Tongue River rerouting, the station closest to the source of 
colonizers approached equilibrium more rapidly than the two 
more distant stations, which were similarly staggered. This was 
true whether equilibrium was measured in terns of invertebrate 
densities, number of taxa, or a community structure resembling 
the upstream source of colonizers. A similar sequence was seen 
in the Teton River. Both sets of data were in accordance with 
the predictions of the island biogeographic theory of coloni- 
zation from a single 66mainland9' source, although Gore (1982) 
recognized that the strict MacArthw-Wilson model, with its 
continued isolation of islands, would no longer apply once the 
new channel became continuous with the source area in sub- 
strate texture and food. 

The time taken to reach "equilibrium" in the Tongue and 
Teton rivers depended on the way equilibrium was defined and 
measured. In the Tongue River new channel, densities and 
community similarity comparable with the river upstream were 
reached within 78 and 125 d, respectively, but species richness 
did not become constant until -300 d after the new channel 
was opened (Gore 1978, 1982). In the Teton River, total num- 
bers recovered in -375 d and cumulative species richness in 
-700 d (Minshall et al. 1983). In both rivers, the number of 
taxa per collection (species richness) lagged behind number of 
individuals. This lag contrasts with small-scde studies where 
numbers of taxa tended to level off early; it may be explained 
by the importance of drift in the newly watered channels and 
the fact that certain species are far more prevalent than others 
in the drift. If other colonizing sources had been available, then 
more species might have been represented sooner. Indeed, in 
the Tongue River new channel, where upstream movement and 
aerial colonization were possible from nearby sources (< 1 km 
away), the lag was not as pronounced as in the Teton River. 

Some clear trends are obvious in the Tongue and the Teton 
studies which confirm patterns seen during small-scale exper- 
iments. In the Tongue River new channel, early colonizers were 
Baetis species, simuliid (first) and hydropsychid (second) filter 
feeders, and chironomids (Gore 1979), which Gore (1982) 
categorized as collector-gatherers and collector-filterers. 
Scrapers arrived a few days later. Minshdl et al. (1983) pro- 
vided few data on individual taxa in the Teton, but noted that 
Baetis and chironomids colonized within days of rewateriamg. 
Baetis, at least, seems to have been termed a grazer in the Teton 
River, for grazers were generally predominant during the early 
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stages of recolonization, but were soon replaced by collectors 
(presumably including gatherers as well as filterers). In both 
rivers, predators and shredders were late arrivals and low in 
abundance. 

The Tongue and Teton River studies of newly watered chan- 
nels dealt only with true colonization because the existence of 
resistant stages in the dry channel was virtually impossible in 
the Tongue River and unlikely in the Teton. When drought 
occurs regularly, perhaps on a seasond or annual basis, retum- 
ing water revives survivors as well as attracting colonizers from 
elsewherec Some sumivors (e. g . certain species of mayflies, 
chironomids, and simuliids) hatch from drought-resistant eggs 
(Hynes 1958; Williams 1977). Others venture from refuges in 
the hyporheos, damp spots under rocks and organic debris, and 
isolated stream pools (Clifford 1966; Hynes 18'35; Boulton 
1989). 

Where streams me too sunbaked to allow survival in the 
streambed, as in some African streams during drought ( H h -  
son 1966; Hynes 197%), colonization is most likely from eggs 
laid by aerial adults when flow resumes, followed by rapid 
hatching and growth. Mature baetid (Cenkroptklurn) nymphs and 
chironomid pupae developed within 18 d in a tributary to the 
Pawmpawm River in Ghma (Hynes 1975). In the Pawmpawm 
River itself, the first colonizers included simuliids as well as 
baetid and chironomid gatherers; baetid and hydropsychid pred- 
ators were later. 

Even streams recovering from catas&ophic washouts may be 
recolonized by survivors, these being either exceptionally 
deeply buried - such as tabanid larvae in a desert stream (Gray 
1985) - or sheltered in debris on the edge sf floodwaters from 
which they return as floods recede (Cushing and Gaines 1989). 
More often, recovery is though oviposidon by aerial insects 
(Siegfried and Knight 1977; Gray and Fisher 1981) that either 
emerged from the stream before disturbance and were long lived 
(Gray 198 1) or immigrated after emergence from neighbouring 
streams (Resh 1982). Colonization rates obviously will be faster 
if the disturbance occurs at a time when insects are most likely 
to be on the wing. The recovery of Bums Run, a nomally stable 
stream in Pennsylvania, after Hurricane Agnes caused a 156- 
fold increase in discharge (Hocppes 5 974), probably owed much 
to the early date (June) of the stom, which meant oviposition 
was possible over the rest of the summer. Summer, however, 
is not dways a favourable season. Contrasting effects of winter 
spates (regular events to which the fauna was assumed to be 
adapted) and rn unexpected and severe spate in summer were 
described by Giller et al. (1991) for an Irish stream. In this 
tributary of the River Araglin, recovery was relatively rapid 
after the winter spates, but was much slower (>3 yr) after the 
summer spate. 

6.3. Unstable Rivers 

Rivers that experience frequent fluctuations in discharge, 
much bed movement, and high loads of suspended sediment 
inflict the most difficult conditions on their benthic faunas, a d  
consequently provide interesting infomation on tolerance and 
resilience. Recent studies of such luge unstable rivers in New 
Zealand (Sagw 1986; Scrirngeour et al. 1988; Scrirngeour and 
Winterbourn 1989) showed that although invertebrate densities 
are severely reduced after major spates, mainly though abra- 
sion of algal f w d  as well as direct damage, certain taxa are 
able to recover quickly. These taxa are mostly collector-brows- 
ers, such as the leptophlebiid mayfly Deieatidium md  chiron- 

omid l m a e ,  filter-feeding hydropsychids (Aoteapsyche), and 
predatory hydrobiosid caddisflies. Larvae avoid spates to some 
extent by burrowing into the substrate (even nomally sedentary 
hydropsychids do this: Poole and Stewart 1976; R. I. Mackay, 
unpublished data) or by surviving in sheltered segments of these 
braided rivers (Scrimgeour et al. 1988; Scrirngecpur and Win- 
terbourn 1989). Denuded braids are recolonized either by drift 
(Saga 1983) or by ovipositing adults coming from refuge braids 
(Scrimgeour et al. 1988). Most of these colonizing species are 
present in a wide range of size classes throughout the year, and 
thus have the potential to mature and multiply rapidly during 
stable Wow regimes. 

In unstable New Zealand rivers, Beleafkdiaam species seem 
to be particularly resilient. Part of their success may result from 
their habit of browsing the rapidly regenerating organic layers 
on stones, which are important food materials in New Zealand 
rivers (Rounick a d  Winterbourn 1983; Collier and Winter- 
bourn 1990). In the Inangahua River, New Zealand, bed mate- 
rials are continually being abraded by fine sediments, and algal 
growths are unable to become well established. Even though 
other invertebrates apparently feed on fragments of dlochthon- 
ous materials that are alternately mobilized in spates and trap- 
ped in depositional sites, Winterbourn et al. (1984) found that 
Dekeakr'dium probably derives much sf its cubon from dis- 
solved organic material taken up by the epilithic microbial layer. 

After reviewing the literature on spatial and temporal het- 
erogeneity in streambeds, Poff and Ward (1 990) concluded that 
streams with a greater historical record of such heterogeneity 
will express greater persistence, resistance, and rate of recovery 
than less variable systems, largely because the biota is adapted 
to cope with the conditions. 

7. Colonization Patterns 

7.1. Taxa and Trophic Groups of Primary Consumers 

When colonizers of experimental patches, disturbed reaches, 
newly watered channels, and disturbed rivers are compared 
around the world, taxa recur with remarkable concordance at 
the family level and atre often identical (or close relatives) at 
the generic level. Among the mayflies, Baetidae (mostly Baetks) 
me abundant and early colonizers in most parts of the world 
(e.g. Ulfstrand et al. 1974; Hynes 1975; Gore 1979; Gray and 
Fisher 1981; MinshaHl et al. 1983; Lake and Doeg 1985; 
Boulton et al. 5988; Barker 1989; Lamberti et al. 1991). Certain 
Eeptophlebiidae are similarly recorded, such as De&eatidium in 
New Zealand (Saga 1986; Scfirngeour et al. 1988) and 
AtaIonebia and Ataiophlebiodes in Australia (Lake and Doeg 
1985; Boulton et al. 1988). Baetis may share the browsing habit 
of Delcetikilium if it is capable of removing thin organic films. 
The other leptophlebiids could be browsers too, or they may 
be gatherers as they we in North America (Lamberti and Moore 
1 984; Memitt and Cummins B 984). Ghironomidae are 
consistently recorded among the first colonizers (most studies 
of new or disturbed substrates), especially after scouring spates 
and washouts (McElravy et al. 1989). When chironomids have 
been identified beyond family (e. g . Gray md Fisher 198 1 ; Saga  
5986; Doeg et al. 1989a; Parker 1989), orthocladiine gatherers 
are predominant. The early arrival of all the above browsers 
and gatherers is consistent with their ability to exploit the 
earliest food materials on and among bare substrates. Fisher 
et al. (1982) found that gatherers composed 8'3% of numbers 
and 85% of biomass in the invertebrate community of a desert 
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st rem disturbed by flash floods. Later in the recovery of 
streams, a grazing habit may be adopted by browsers, and 
additional herbivorous taxa contribute to colonization. 

If colonists cannot browse or gather, the alternative early 
feeding strategy is filtering, making use of suspended fine 
detritus which is nearly always present in disturbed streams. 
Simuliidae , Hydropsychidae , and some chironomine 
chironomids (Rkzeotagnytarsus) are reported repeatedly. Because 
the hydropsychids can only establish retreats on rough-surfaced 
rocks, they are not always the earliest filterers. Nevertheless, 
they have some characteristics sf opportunists in that the genera 
most often reported (Asteagsy;yche, Asmtcridea, Cheum- 
atopsyckze, Hydropsyche, and Symgdeitop~che) are in the 
subfamily Hydropsychinae. Larvae in this subfamily tend to 
have unspecidized nets and a broad diet (Fuller and Mackay 
1880), md they can feed on drifting animals as well as detrital 
seston (Eamberti and Moore 1984). 

Shredder-dominated communities, such as those in first-order 
forested streams, are rather slow to recover after disturbance 
(Wallace 1990), and shredders have often been reported as later 
colonizers than other dehtivores and herbivores (Gray and 
Fisher 1981; Gore 1982; Minshdl et al. 1983; Boulton et al. 
1988; Doeg et al. 1989a; Lamkrti et al. 199 1). Many shredders 
have poor dispersal abilities (Wallace et al. 1986). With the 
exception of Gammaraas, shedders me rather rare in the drift 
(Waters 1972), so they are not routinely transported to disturbed 
reaches from upstream sources. Coarse particulate organic 
matter (CPOM) concentrations tend to be more seasonal than 
WOM, and may not be immediately supplied to a disturbed 
patch or strem. Shedder life cycles tend t s  be long (Wallace 
et al. 1986) and tied to seasonal inputs and decay of GPOM. 
Many life cycles are synchronous. Therefore, colonizing stages 
may not be available following an unexpected disturbance. The 
relatively few numbers of shredders among early colonizers of 
introduced substrates could be the*result of a low shredder 
density in the study riffle (a possible explanation for 
Peckmsky's (1980) results) and the slow rate of CPCsM 
accumulation. When GPOM did collect on substrate trays in a 
suitable stream, many shredders were among the colonizers 
(Lllfstrmd et al. 1974). 

'7.2. Mobility and Life Cycles 

The recurring taxa include many of those that were described 
earlier as drifters, swimmers, and rapid crawlers. Some adult 
insects are strong fliers, like the beetles that may be conspic- 
uous in streams recovering from drought. Some adults are short- 
lived; but asynchronous life cycles, as seen in Australian and 
New Zealand streams, mean that propagules could be available 
for colonization at all times, especially if headwaters, side 
channels, or nearby streams provide refuges from which pro- 
pagules can disperse to restored habitats. In fluctuating envi- 
ronments, successful colonizers have life cycles that allow them 
to take advantage of temporary benign periods in disturbed 
streams, md  at the same time to benefit from such features in 
these streams as unsilted substrates and emly successional 
stages in periphyton development. 

Temperatures supporting maximum growth rates will 
obviously provide the fastest regeneration of populations. Usu- 

temperatures (annual mean > 15°C) which, 
in the southern USA at least, allow development times as short 
as 6 1  5 d for chironomids (Gray 198 1 ; Stites and Benke 1989), 
9 d for black flies (Hauer md Benke 1987), and 10-19 d for 

Baetis (Gray 198 1 ; Benke and Sacobi 1986). However, Hauer 
and Benke (1991) found that high growth rates recorded for 
chironomids in the Ogeechee River were related not only to 
temperature but also to high discharge (>20 m3/s). They attrib- 
uted the growth response to the higher seston concentration 
associated with high discharge. High growth rates in cool- 
adapted species, too, allow them to be pioneers in new or dis- 
turbed streams. One of these species is Br~hdesckadius cakvus, 
with a development time in southern England (52"N) of 16 d. 
This species not only colonized a new gravel channel with 
remarkable rapidity, but was so specialized for this kind of vir- 
gin habitat that it was not known from typical stream com- 
munities in the area (Ladle et al. 1985). 

7.3. General Predictions 

Benthic communities will develop and stabilize sooner if the 
disturbance that originally denuded the substrate is a local rather 
than a regionally extensive catastrophe. If upstream reaches, 
side channels, and neighbouring drainages are unaffected, the 
surviving benthos and ovipositing adults soon provide coloniz- 
ers. Recovery will be faster if the colonization period coincides 
with reproductive periods in the benthos. Colonization by 
shredders that are closely tied to allochthonous organic inputs 
could be restricted by season. Likewise, certain algal scrapers 
have a limited period of activity dependent on the productivity 
of epilithic algae. Such seasonally bound life cycles in streams 
that normally experience only regular climatic events could 
limit colonization when the biota is damaged by an unexpected 
disturbance. 

Streams most likely to recover quickly are runoff streams, 
in which discharge is often irregular and unpredictable (Poff 
and Ward 1890). They include perennial and intermittent upland 
streams in Victoria (Lake et al. 1985, 1988) and agricultural 
Ontario (Mackay 1979) as well as the more flashy flows typical 
of New Zealand (Winterbourn et al. 198 I), coastal California 
(McElravy et al. 1989), and deserts (Fisher et al. 1982). Mmy 
of these streams are in a climate that allows long periods of 
oviposition, asynchronous life cycles, and high growth rates, 
all of which favour the availability of propagules and the rapid 
exploitation of newly available or restored habitats. 

Recurring ecological patterns are seen in the repopulating 
species. Many of the same taxa and functional groups are 
involved. Eotic invertebrate communities likely to be resilient 
after disturbance will include substantial proportions of baetid, 
leptophlebiid, and sometimes heptageniid mayflies, multivol- 
tine black flies, especially fugitive species, opportunistic ortho- 
cladine browsers and gatherers, clinging chironomine filterers 
like Rkzeotanytarsm, and Hydropsychine caddisflies . Where 
periphytic algae regenerate quickly, grazers will colonize soon 
after detritivores . 

In the nonequilibrium conditions of disturbed streams, com- 
munities are thought to be controlled in a stochastic manner 
(Wallace 1990). However, although a disturbance may indeed 
occur by chance, the same cannot be said of the ability of the 
disturbed community to 6bounce back. There is some degree 
of predictability if the fauna is known. Depending on hydro- 
logic regime and season, predictions can be made on the likely 
responses of lotic invertebrates to disturbance, according to 
their ecological traits and dynamics. The ability of a stream to 
cope with disturbance could be assessed. This kind of infor- 
mation could be invaluable to planners debating the necessity 
of protecting a stream. For although our ecological knowledge 

Can. 9. Fish. Aquab. Sci., V01. 49, 1992 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
E

N
R

-I
T

IL
IB

B
F 

on
 1

1/
04

/1
6

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



at the species level is still incomplete, some recognition of typ- 
ical faunal patterns can provide the constructive advice needed 
in environmental decision-making. 
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