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Preface

We had the honor of hosting the triennial Joint Meeting of the XI International
Conference on Ephemeroptera and XV International Symposium on Plecoptera held
August 22-29, 2004 at Flathead Lake Biological Station, The University of Montana,
USA.

The purpose of this congress was to encourage and facilitate focused research and
provide a forum for scholarly exchange about the status of Mayfly and Stonefly
science. A secondary, but important objective was engendering camaraderie
amongst investigators with mutual interests and in the course of informal activities
surrounding the formal agenda, discuss research directions—evaluating and outlining
fundamental research problems and sharing information on methodology and
analysis.

Scientists and scholars from around the world gathered and engaged in an exchange
of information on their latest research and investigations on Ephemeroptera (Mayfly)
and Plecoptera (Stonefly). At this congress, attendees came from 18 countries. The
host country had a good turnout and despite the remote location within the Rocky
Mountains, we were joined by scientists and students from Argentina, Australia,
Austria, Brazil (2), Czech Republic, France, Germany (3), Italy (2), Japan (5), Korea
(2), Mongolia (2), New Zealand, Norway (2), P. R. China, Russia, Slovenia, South
Africa, Switzerland and USA (26). Drs. J. A. Stanford and F. R. Hauer convened the
meetings and also participated along with other members of the Flathead Lake
Biological Station faculty and staff.

Professor John Brittain, whose research is focused on freshwater entomology,
especially egg development and life cycle strategies of Ephemeroptera and
Plecoptera, presented Mayflies in a Changing World, reflecting on the quality of
mayflies as good indicators of global warming and the quality of streams and lakes.
Professor Emeritus Andrew Sheldon, whose interests have encompassed community
and population ecology of aquatic animals over a span of more than 40 years,
especially insects and fishes, gave a talk about Scale, Hierarchy and Perspectives in
the Ecology of Plecoptera, discussing how studies emphasizing scale and perspective
reveal importance of stoneflies to ecosystems. We sincerely thank Drs. Brittain and
Sheldon for their plenary participation.

Other abstracts covered a broad base of disciplines including morphology,
physiology, phylogeny, taxonomy, ecology and conservation. Manuscripts submitted
post meeting were peer-reviewed and compiled into three sections for this volume:
Ecology, Zoogeography and Systematics.

Vil



viil Preface

We wish to thank all those that made the Congress possible including Sponsors,
fellowship providers, and Flathead Lake Biological Station faculty and staff.
Meeting sponsors were Flathead Lake Biological Station, The University of
Montana, Jessie M. Bierman Professorship of Ecology and the FLBS Limnology
Professorship. The Permanent Committee on Ephemeroptera Conferences and
Flathead Lake Biological Station provided partial financial support for students.

We greatly appreciate the efforts of Flathead Lake Biological staff especially Sue
Gillespie and Mark Potter for administrative and facilities operations support and
Jeremy Nigon for the registration website and technical support. A very special
thanks goes to Marie Kohler for her tireless effort and skills in the publishing layout
and proofreading of these proceedings for publication.

The conveners also thank the participants who journeyed to the Biological Station
and joined us for a short while in northwest Montana in the pursuit of Mayfly-
Stonefly science. We also thank Joe Giersch for his design of the meeting logo.

F. Richard Hauer
Jack A. Stanford
Robert L. Newell
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MAYFLIES, BIODIVERSITY AND CLIMATE CHANGE
John E. Brittain

Natural History Museum, University of Oslo, P.O. Box 1172,
Blindern, NO-0318 Oslo, Norway
Norwegian Water Resources and Energy Directorate, P.O. Box 5091,
Majorstua, NO-0301 Oslo, Norway

Abstract

Mayflies (Ephemeroptera) are an ancient order of insects that are globally distributed
in both northern and southern hemispheres and have survived major environmental
shifts. Despite the problems associated with selection processes operating in both
terrestrial and aquatic environments, mayflies have successfully colonized a wide
range of freshwater habitats from the tropics to the arctic, a somewhat greater range
than other hemimetabolic aquatic insects such as the Plecoptera and Odonata. While
many species of Ephemeroptera require specific environmental cues, others display
considerable flexibility in life cycle length and timing in relation to environmental
changes. This is particularly apparent in arctic and alpine species. Climate change
scenarios predict rapid shifts across many environmental gradients, including
temperature and the frequency and magnitude of floods and droughts. Changes in
the mayfly fauna are hypothesized in the light of the environmental tolerances, life
cycle plasticity and the dispersal mechanisms of present day mayflies. During
periods of rapid environmental transition certain species traits will be beneficial.
Generalists will do better; specialists with strict environmental limits and poor
powers of dispersal may become extinct.

Key words: mayflies; Ephemeroptera; climate change; life cycles; alpine;
streams; lakes; temperature; ice cover; floods; dispersal; species traits.

Introduction

Mayflies (Ephemeroptera) are an ancient order of insects, first appearing in the fossil
record in the Upper Carboniferous in excess of 250 million years ago (Brittain 1980).
Mayflies have a complex life cycle, involving both aquatic and terrestrial phases.
Such life cycles create evolutionary dichotomy with selection pressures operating in
two, more or less, independent environments (Wilbur 1980). In theory, this
dichotomy will lead to the reduction of one of these phases. This is clearly seen in
the extremely short-lived adult stages of the Ephemeroptera, whose sole, but crucial
roles are reproduction and dispersal.

The Ephemeroptera are a small order of insects, numbering about 3000 described
species within 37 families (Brittain and Sartori 2003). Despite the problems
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associated with selection processes operating in both terrestrial and aquatic
environments, mayflies have survived many climatic shifts and have successfully
colonized a wide range of freshwater habitats from the tropics to the Arctic and from
large rivers to small ponds. In comparison with the stoneflies (Plecoptera), they have
made a greater intrusion into the tropics, both in terms of diversity and abundance, at
the same time as they are more abundant and diverse than the dragonflies (Odonata)
in Arctic and alpine regions (Brittain 1990, Fig. 1). In this paper, future trends in the
mayfly fauna as a result of climate change are hypothesized in the light of the
environmental tolerances, life cycle plasticity and the dispersal mechanisms of
present day mayflies.

Plecoptera

Ephemeroptera

Odonata

< >
Tropical Temperate Arctic/Alpine

Figure 1. Optimal and suboptimal geographic and climatic regions for the aquatic
insects orders, Plecoptera, Ephemeroptera and Odonata.

Climate Change

Climate has changed many times over the course of the Earth’s history. Over the
past two million years there have been numerous Ice Ages, but at present we are in a
warm interglacial period. The geological record reveals that past climate change has
not always been gradual, rather there have been many changes that were very rapid;
over periods as short as centuries or decades (Bonan 2002). Beginning around 1550
A.D. and lasting until 1850 was a period of cold temperatures, known as the “Little
Ice Age” (Lamb 1995). Temperatures warmed by over 0.5°C between the mid 1800s
and the 1940s, but cooled again over the next 25 years. Since then temperatures have
been rising and current predictions indicate increases of annual mean air
temperatures as much as 8§°C by the end of the century in some regions (IPCC 2001).
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These changes are predicted to be greater in arctic and alpine regions and thus
emphasis in this paper is given to aquatic ecosystems in these areas.

Response to Temperate Changes

Aquatic organisms and ecosystems respond to climate change in a variety of different
ways. There are four main consequences of climate change at the species or
population level: simple adaptation, demographic change, emigration/immigration
and extinction. Adaptation can involve inherent plasticity in response to
environmental change or be accomplished by longer-term evolutionary change.
Demographic effects include changes in recruitment, mortality and growth, while
emigration and immigration will produce changes in species’ distributions. These
processes, including extinction, can give rise to changes, both in ecosystem structure
and function. At the ecosystem level, the primary effects of temperature and runoff
changes will give rise to a number of secondary effects, affecting physico-chemical
aspects such as length of the ice-free season, decomposition, weathering and water
residence time, as well as affecting levels of primary and secondary production
(Hauer et al. 1997, Rouse et al. 1997).

Water temperature steers many of the physiological processes in aquatic insects
and all life cycle stages respond to changes in temperature (e.g., Brittain 1980, Ward
and Stanford 1982, Sweeney 1984). This is particularly apparent in the egg stage,
and in many mayflies there is a clear relationship between water temperature and the
length of egg development, as well as distinct temperature limits for successful
development (Elliott and Humpesch 1980). The effect of such limitations on
distribution can be illustrated in the Australian mayfly genus, Coloburiscoides. This
genus is widespread in the higher regions of mainland southeastern Australia, but is
absent from apparently suitable habitats in Tasmania. Laboratory studies
demonstrated that despite its assumed adaptation to cooler environments, the eggs
only hatch successfully between 15 and 25°C (Brittain and Campbell 1991). It is,
therefore, likely that this genus became extinct in Tasmania during a recent glacial
period as water temperatures were too low for successful egg development.

Adult body size in many hemimetabolous insects depends largely on thermal
conditions during development, while adult size in mayflies is closely correlated with
fecundity (Brittain 1980, Elliott and Humpesch 1980). It therefore follows that
smaller adults and lowered fecundity result when temperatures are suboptimal
(Sweeney and Vannote 1978). Thus, a species’ distribution both locally and
regionally is limited, at least in part, by lowered fecundity as adult size gradually
diminishes in streams that are either too warm or too cold. Such relationships will
lead to changed mayfly distributions under global warming.

Many mayfly species, especially among the Baetidae, display considerable life
cycle plasticity, being able to change the number of generations per year in response
to changes in temperature. For example, the widespread western Palaearctic species,
Baetis rhodani, that has several generations a year in warmer lowland habitats, is
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univoltine in cooler streams and even displays a two-year semivoltine life cycle in
alpine areas (Sand 1997). In a warmer climate, such species will be able to shorten
generation time and increase the number of generations per year.

The timing of mayfly emergence also frequently depends on temperature
(Brittain 1980) and earlier emergence is likely in many mayfly species in a warmer
climate. Relatively small shifts in temperature in warmer years or at lower altitudes
have been shown to cause significant changes in the timing of the onset of mayfly
emergence (Brittain 1976, 1978, 1980), although not always (Langford 1975). In
laboratory studies, emergence has been advanced by several months by artificially
increasing temperatures (Nebeker 1971). A shift in emergence as a result of rising
temperatures has already been reported by fly fishermen who are especially focused
on the “mayfly hatch” in an English river (The European Times 1992).

In arctic and alpine areas, the balance of water sources between glacial or kryal,
spring-fed or krenal and snowmelt/precipitation or rhithral is crucial in determining
biological communities (Ward 1994, Fiireder 1999). This interplay of these different
water sources operates via two main pathways, fluvial processes and water quality
(Fig. 2). The important role of water source was clearly demonstrated in a study of
the benthic macroinvertebrate fauna of two contrasting alpine catchments, the one
glacier-fed and the other dominated by groundwater inputs (Fiireder et al. 2003).
Mayflies were much more abundant in the nonglacial system, although the wider
food niche of species inhabiting glacial rivers was much broader than in the spring-
fed system, demonstrating the adaptive nature of certain mayfly species faced by
paucity of food resources.

CLIMATE
CHANGE
WATER
BALANCE
|
l ]
WATER
FLUVIAL QUALITY
PROCESSES
Temperature
Flow regime Turbidity
Suspended load Conductivity
Bedload Alkalinity
Channel BIOTA so,, Si, Cl,
stability pH, etc.

Figure 2. The conceptual relationship between stream biota and climate change in
Arctic and Alpine ecosystems.
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Climate change, by altering the water balance in arctic and alpine regions, will
cause changes in mayfly species’ distribution and abundance. In general, an increase
in diversity of mayflies in temperate and arctic regions, as well as expansion further
up into alpine areas is to be expected as a result of global warming (Lillehammer and
Brittain 1978, Hauer et al. 1997). However, this could be confounded by the upward
and northward movement of the tree line and a concomitant decrease in primary
production as a result of increased shading. This may negatively affect the mayflies,
which are predominantly grazers. In addition, there will be the increase, at least in
the short-term, of cold adapted species in watercourses affected by glacial runoff
(Melack et al. 1997). Increased discharge in glacier-fed watercourses as a result of
warmer summers will cause reduction in water temperatures, increased turbidity and
greater channel instability, which in turn will result in changes in benthic
composition and abundance (McGregor et al. 1995, Milner et al. 2001a). Among the
changes predicted downstream is an expansion of cold-adapted species such as the
Diamesinae at the expense of other invertebrate taxa such as the mayflies. Primary
production would also be reduced, again making the environment less favourable for
most mayflies. However, in the southern hemisphere leptophlebiid mayflies occur
close to glacial margins and such species are unlikely to be adversely affected by
increased glacial runoff (Milner et al. 2001a). These include the mayfly genera
Deleatidium in New Zealand (Milner et al. 2001b) and Meridialaris in Patagonia
(Wais and Bonetto 1988).

There may be other unexpected effects of global warming on the balance of
water sources. In the cold regions of the world, permafrost limits the availability of
groundwater to lakes and rivers. However, under polythermal glaciers, temperatures
at parts of the glacier base along with a steep hydraulic gradient may permit
groundwater intrusion. However, the retreat of the front position of many glaciers as
a result of global warming can expose new areas to permafrost, thereby cutting off
groundwater sources (Haldorsen et al. 2002). In fact, under a rapidly changing
climate regime, such as predicted for future anthropogenic global warming,
groundwater influxes will be crucial in maintaining spatial and temporal
heterogeneity in freshwater systems (Malard et al. 1999, Ward and Uehlinger 2003)
and will provide refugia for mayfly species affected by climate change and other
human impacts. Groundwater influenced systems are characterised by stability in
environmental characteristics and will in general be less affected by changing air
temperatures, although changes in runoff will undoubtedly affect water table levels.

Response to Other Effects of Climate Change

Climate change scenarios predict rapid shifts in environmental conditions, not only
air temperatures, but also in precipitation and runoff. This will change the frequency
and magnitude of floods and droughts. Precipitation will also affect the extent and
duration of ice cover in cold regions.
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Air pressures in the Atlantic Ocean affect ocean currents, temperature and
precipitation in the North Atlantic, northern Europe and even further a field (Straile
et al. 2003). A high winter North Atlantic Oscillation (NAO) index, based on the
difference in sea-level air pressure measured close to the centre of the Azores High
and that measured at a station in Iceland, results in mild, moist air currents over
northern Europe. An increase in the NAO index is predicted in climate change
scenarios and is already taking place, giving a deeper snow pack in the mountains of
western Norway. A deeper snow pack delays ice break resulting in a shorter ice-free
season in mountain lakes (Borgstrem 2001). In the lakes of southern Norway, the
number of mayfly species has been shown to be highly correlated with the length of
the ice-free season (Brittain 1974). A shorter ice-free season is likely to give rise to
lower summer water temperatures and lower primary production, both
disadvantageous for mayfly diversity, while a longer ice-free season will have the
opposite effect. It is predicted that in mountains areas, especially in the high
precipitation areas of western Norway, the winter snowpack and the length of the
period of ice cover will increase. However, in lowland areas the extent of ice cover
will decrease and winter floods will become more frequent. The absence of ice cover
during winter permits some degree of primary production and it has been shown that
mayfly densities and growth rates can be significantly higher in ice-free sections of
alpine rivers (Schiitz et al. 2001).

Floods have a major structuring effect on aquatic communities, triggering species
replacement and succession. Certain climate scenarios predict an increase in the
frequency and magnitude of floods. Floods, especially those with a long return time,
can have a catastrophic effect on mayfly communities (Pupilli and Puig 2003). In
less catastrophic floods, there may be a shift in dominance in benthic communities as
a result of high discharge (e.g., Anderson and Lehmkuhl 1968, Fjellheim and
Raddum 1993). In alpine streams in central southern Norway, an unusually high
spring flood significantly decreased densities of the mayfly, Baetis rhodani, which
was present as nymphs at that time. In contrast, densities of the summer species,
Acentrella lapponica, present in the egg stage down in the substrate, increased in the
two years after the flood (Sand and Brittain 1997). Floods are also important in
terms of dispersal, opening up waterways and establishing connectivity between
watercourse elements and permitting the establishment of new populations.

While runoff will increase in some regions as a result of climate change, it will
decrease in others. Droughts and low flows will also impact mayfly communities. In
rivers regulated for hydropower, flows are frequently reduced for all or part of the
year. Such flow reductions favor genera characteristic of lentic habitats, such as
Cloeon, Paraleptophlebia and Siphlonurus at the expense of the typical lotic genera
such as Baetis, Rhithrogena and Epeorus (Brittain and Saltveit 1989). A similar shift
may take place as a result of climate change.
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Dispersal and Gene Flow

In a changing environment brought on by climate change, dispersal ability will be
crucial to species survival. If a species is unable to adapt physiologically to a
changed climate regime in its present habitat, then it must be able to reach a suitable
environment by dispersal. If not, extinction will result and it has recently been
predicted that on the basis of climate scenarios for 2050, that between 18% and 35%
of all plant and animal species on the Earth are committed to extinction (Thomas et
al. 2004).

Mayflies, particularly Baetidae, often dominate stream drift (Brittain and
Eikeland 1988), providing an efficient mechanism for downstream dispersal of lotic
species. However, upstream movement and colonization of adjacent watercourses
and lakes occurs primarily through adult flight (e.g., Peckarsky et al. 2000).

Mayflies have winged adults, but they are small, fragile and short-lived (Brittain
1980). This limits their powers of dispersal. Mountain ranges, deserts and oceans
present major barriers to dispersal. Climate change can also have impacts on the
mayfly fauna of islands, especially those far away from continental landmasses. In
this respect, the time frame and the rapidity of climatic changes are critical. The
mayfly fauna of Madagascar displays a high degree of endemism, although showing
strong affinities with the African fauna, while Oriental and Oceanian elements are
negligible (Gattolliat and Sartori 2003). This contradicts with the separation
sequence of Gondwanaland and suggests the dispersal powers of the Bactidae are
greatly underestimated. Three mayfly families, Leptophlebiidae, Baetidaec and
Prosopistomatidae are present on the Comoros Islands, young volcanic islands at
least 300 km from Madagascar and Africa (Starmiihlner 1979). In the Arctic, there is
already evidence of the migration of insects over large distances by the help of
favorable winds generated by a changing climate (Coulson et al. 2002).

Colonization of new habitats by mayflies can take place fairly rapidly, although
this depends on a supply of colonizers and environmental conditions being suitable.
After the commencement of liming of a Norwegian river affected by acidification,
the mayfly Baetis rhodani returned within two years (Raddum and Fjellheim 2003).
In Canada, the mayflies Stenonema femoratum and Stenacron interpuctatum
recolonized acid-damaged lakes from nearby refugia less than 4-8 years after pH
reached threshold levels (Snucins 2003). However, initial small populations are very
vulnerable to stochastic and Alle effects, such as low encounter rates for fertile adults
(Frank and Brickman 2000, Yan et al. 2003). In an Alaskan glacial river, created in the
1960s as a result of glacial retreat, it was not until the mid 1980s that Baetidae were
first recorded (Milner 1994). However, this delay was more a result of low water
temperatures than the species’ inability to colonize from nearby streams. Apart from
the abiotic factors such as temperature affecting the ability of a species to colonize new
habitats, species interactions may also be important, and the debate on the relative
importance of biotic versus abiotic factors in determining the distribution and
abundance of animals continues in the context of global warming (Hodkinson 1999).
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Although it is possible to mark insects using stable isotopes for example
(Hershey et al. 1993), the degree of dispersal can also be estimated indirectly by
studying the genetic structure of a population. If dispersal is high, little genetic
variation is to be expected, and vice versa (Slatkin 1985). However, Bunn and
Hughes (1997) in a study of a subtropical stream in northern Australia found that
genetic variation in Baetis was low at larger spatial scales indicating that there was
considerable dispersal by winged adults. However, at the reach scale genetic
variation was high, suggesting that recruitment was the result of oviposition by only
a few females, a conclusion supported by work on populations of Baetis alpinus
(Monaghan et al. 2001, 2002). The presence of greater genetic diversity at large
spatial scales may be evidence of nonequilibrium between gene flow and genetic
drift, resulting from historical gene flow that continues to mask reduced dispersal
(Monaghan et al. 2002). In contrast, Rhithrogena loyolaea exhibited little genetic
differentiation within and among streams but significant differentiation among
drainages, suggesting that dispersal occurs readily among stream reaches and
between adjacent valleys and that equilibrium has been reached between gene flow
and genetic drift (Monaghan et al. 2002). Clearly there are differences in the
dispersal ability of mayfly taxa and under climate change those species with greater
powers of dispersal will have a better chance of survival.

As a result of their manipulation study of the effects of global warming on a first-
order stream, Hogg and Williams (1996) concluded that the level of gene flow
among habitats may be critical to the degree of impact as a result of global warming.
Fragmentation, both natural and anthropogenic, represents a potential barrier to gene
flow and dispersal (Zwick 1992). However, Sweeney et al. (1986) observed no
genetic differentiation between populations of two mayflies, Ephemerella subvaria
and Euryophella verisimilis, above and below reservoirs of the Delaware River,
USA. In a study of populations of Baetis alpinus in alpine streams, where
populations were fragmented either by natural lakes or by reservoirs, Monaghan et al.
(2001) concluded that lentic water bodies act as barriers to gene flow in B. alpinus,
but that the low divergence between fragments separated by reservoirs did not
indicate high levels of gene flow, but rather showed that genetic differentiation is not
detectable within the first 100—1000 years of habitat fragmentation.

Species Traits

During periods of rapid environmental transition certain species traits will be beneficial
(Brittain 1991, Table 1). Mayfly eggs are frequently located down in the substrate
where they are protected at least in part from environmental vicissitudes. A relatively
long egg development period will increase the chance of the species’ survival. This
was clearly seen in a Norwegian alpine area in connection with an extreme spring
flood. The summer species that were still in the egg stage survived and in fact
increased in numbers at the expense of species that were present as nymphs during the
spring (Sand and Brittain 1997). The “hedging of bets” associated with asynchronous
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egg hatching as well as variation in nymphal growth rates is also clearly advantageous
in a changing environment (e.g., Bretschko 1990). A smaller size and a more
cylindrical body shape enable nymphs to move down into the substrate during periods
of high discharge and other unfavourable environmental conditions.

Table 1. Aquatic insect life history attributes generally advantageous or
disadvantageous in disturbed habitats or in rapidly changing environments (modified
from Brittain 1991).

Species Trait Advantageous Disadvantageous
Egg development Long Short
Egg hatching Asynchronous Synchronous
Nymphal development Asynchronous Synchronous
Nymphal size and shape ~ Small and cylindrical Large
Temperature Eurytherm; temperature Stenotherm; temperature
relationships independent dependent
Life cycle Flexible; multivoltine Fixed; univoltine

Strict temperature limits or specific temperature cues will be disadvantageous, as
will growth relationships that show a strong dependence on temperature. The ability
to shift life cycle duration, for example from univoltine to multivoltine in a warmer
climatic regime will increase a species’ annual production, while species with a fixed
voltinism are likely to be disadvantaged or even become extinct. Although hatching
success may be lower, parthenogenesis, both facultative and obligatory, is
advantageous for dispersal of mayflies to new and more suitable habitats as it does
not require mating and fertilization before oviposition (Sweeney and Vannote 1987).
As a rule, it is envisaged that generalists will do better in a rapidly changing
environment, while specialists with strict environmental limits and poor powers of
dispersal may face extinction.

Temporal and Spatial Differences

There will be both temporal and spatial differences in the effects of climate change.
Short-term and long-term changes are likely to differ as secondary and tertiary
effects come into play. There will also be major regional differences, depending on
the extent and nature of climatic changes (see Cushing 1997). For example,
temperature increases are predicted to be greater in northern and Arctic regions and
less in the southern hemisphere. In some areas precipitation will increase while in
others it will remain stable or decrease. The effects of increased precipitation will
also differ in mountain areas compared to lowlands. However, the accuracy of
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climate change predictions becomes lower when downscaled to smaller regional and
national scales (Hauer et al. 1997). Nevertheless, the small order of aquatic insects,
the mayflies, by virtue of their worldwide distribution and response to environmental
cues, have the potential to function as sensitive indicators of present and future
climate change.
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Abstract

Stoneflies, a small portion of the global insect fauna, are abundant and play important
ecological roles in streams. As shredders, stoneflies are best understood at the
ecosystem level but are poorly resolved at smaller scales and lower hierarchical
levels. In contrast, predatory stoneflies are best understood at smaller scales;
community and system effects are less explored. Population biology is an
underdeveloped perspective in stonefly ecology. New developments in egg and
adult biology, descriptive life histories and dispersal measurement (genetics, stable
isotopes) open doorways to demographic analysis and metapopulation dynamics.
Existing, but scattered, faunistic research is an unexploited resource for
investigations of global change and macroecology. I use this literature to explore
large-scale patterns of relative diversity across families.  Major structural
differences exist within North America and over the Holarctic. I sketch a research
agenda in stonefly ecology emphasizing collaboration and a geographical
perspective.

Key words: biogeography; family richness; hierarchy; macroecology; Plecoptera;
population; predation; scale; shredder.

Introduction

In the global scheme of things, Plecoptera is a minor order of insects; a
counterpoint is that stoneflies are important components in running waters, the
most pervasive of continental ecosystems. This shift in viewpoint illustrates the
importance of perspective and scale in the ways we study and interpret the natural
world. In this very selective review, I consider what we know and what we might
know about the ecology of stoneflies against a logical template of scale and
inclusiveness.

Table 1 is one possible view of the world and the ways ecologists and
evolutionary biologists see it. The spatial and temporal columns are scalars with
direction and magnitude and all columns are hierarchies with higher levels inclusive
of lower ones. The columns are not independent: flood disturbances of large
magnitude originate from large areas at long intervals, major evolutionary change
requires time and typically involves large areas, and ecological and evolutionary
responses are linked. Stream networks inhabited by most stoneflies are hierarchical
(Frissell et al.1986, Hildrew 1996) and hierarchy theory (Allen and Starr 1982) is
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Table 1. Scalars and hierarchies relevant to the ecology of stoneflies.

Space Time Ecology Evolution
Planet Deep Time Biosphere Life
Continent Cenozoic Ecosystem Order
Region Quaternary Community Family
Catchment Holocene Assemblage Genus
Reach Century taxocene Species
Macrohabitat Decade guild Metapopulation
Microhabitat Year functional group  Population

Day Metapopulation Individual
Hour Population Chromosome
Second Generation Molecule
Life History
Stage
cgg
nymph
adult
Individual

generally useful in ecology. Wiegert’s (1988) perspective is especially relevant at
this meeting where attendees’ interests and specializations span much of Table 1. He
concluded patterns observed at one scale or hierarchical level have explanations at
lower or higher levels than the one under study, thus ecosystem behavior influences
population biology but so does individual behavior. In a previous meeting of this
group, Statzner (1997) advocated simple, general models in stream ecology which
amounts to emphasis of the mid scale portions of Table 1. However, observed truth
is not necessarily the same at all levels (Wiley et al. 1997) and real understanding
requires research at multiple scales. In the following sections, I examine three
aspects of stonefly ecology (shredding, predation, population biology) with special
attention to scale; present preliminary original work on stonefly macroecology; and
end with some personal suggestions concerning the way forward.

Shredders

The study of shredding stoneflies began at the ecosystem level with the recognition
that many streams are driven by terrestrial inputs (Hynes 1975). Initial efforts were
more concerned with the processed material, including the microbial component,
than the insect processors. The small size, diversity and difficult taxonomy of the
shredding assemblage, including stoneflies, encouraged the view that shredders are a
functional group of interchangeable individuals and taxa.
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Moving downscale (Table 1) has revealed important details. Differences in life
history timing (Grubbs and Cummins 1996, Richardson 2001) produce waves of
shredders with poorly resolved interactions with the timing of terrestrial inputs. Both
flexibility and unexpected specializations appear in some nominal shredder taxa.
Some Nemouridae are important scraper-grazers in acid streams (Ledger and
Hildrew 2000). The widespread western North American Zapada cinctipes
(Nemouridae) manifests a preference or tolerance of cedar needles which
distinguishes it from coexisting shredders (Richardson et al. 2004). Members of the
genus are significant consumers of salmon carcasses in Alaskan streams (Chaloner et
al. 2002) and nemourids and leuctrids are implicated in the rapid disappearance of
dead trout fry (Elliott 1997). Leaf packs and dead fish are patchy resources; over
short times and distances the drift and settlement behaviors by which stoneflies
occupy these patches are barely explored (Ledger et al. 2002).

Investigations at small and large scales are complementary; experimental
evidence that increased species richness of shredding stoneflies increases leaf
processing rates (Jonsson and Malmgqvist 2000, Dangles et al. 2002) is supported by
landscape-scale field studies (Jonsson et al. 2001, Huryn et al. 2002). Species and
assemblage attributes (Grubbs and Cummins 1996, Richardson 2001, Richardson et
al. 2004) suggest mechanisms for diversity effects. Landscape and ecosystem
research is enhanced by autecological and population details. Sweeney (1993) and
Friberg et al. (2002) observed effects on stonefly growth, survivorship, condition and
production in streams affected by conifer plantations and invading exotic riparian
plants. Food web analyses of streams in postfire landscapes (Mihuc and Minshall
1995) and streams in which leaf inputs were manipulated (Hall et al. 2000) capture
the functional roles of shredding stoneflies.

Predators

Our knowledge of predation ecology of stoneflies began with analysis of gut
contents, i.e., the last meals of individual nymphs. The large nymphs of Perlodidae
and Perlidae are good subjects for observation and experimentation in laboratory
systems so the next advances focused on individual behavior over short intervals;
home range and territorial behaviors (Sjostrom 1985a, Feltmate and Williams
1991a), interactions on and dispersal from patchy habitats (Rader and McArthur
1995), hunting behavior (Sjostrom 1985b, Williams et al. 1993, Tikkanen et al. 1997)
and habitat modification (Statzner et al. 1996) brought predaceous stoneflies to life.
Elliott (2000, 2003a, 2003b, 2004) used similar techniques but designed a series of
experiments at different levels (Table 1). He described activity patterns and hunting
behaviors of several species, moved up the ecological hierarchy to questions of prey
choice and the functional response (prey consumption as a function of prey density)
and finally to competitive effects among predaceous stoneflies. Williams et al.
(1993) described complicated interactions of stonefly and prey densities with habitat
complexity and growth rate.
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Stoneflies produce significant effects on their prey, often through behavioral
responses rather than direct mortality (Peckarsky et al. 1993). Comparable effects of
fish on stoneflies occur at different scales. Feltmate et al. (1992) showed, in a
laboratory system, that two perlids differing in color pattern were active at different
times of day and on backgrounds which minimized their risk from rainbow trout, a
visual predator. Enclosure experiments in a natural stream documented negative
effects of trout on numbers and size or condition of stoneflies (Feltmate and Williams
1991b). At a regional scale, Harvey (1993) found higher densities of Perlidae in
streams without trout and of Perlodidae in trout streams. It is difficult to generalize
about predation effects because nonlinear and nonadditive effects of multiple
predators are commonly reported (Soluk 1993, Huhta et al. 1999). Duvall and
Williams (1995) observed considerable variation in metabolic and behavioral
responses of individual conspecific stoneflies to trout and Kratz (1996) described
density-dependent changes in responses of both stoneflies and their mayfly prey to
mayfly density.

The role of stoneflies as predators in intact, diverse stream communities is
problematic. In a detailed stream food web (Tavares-Cromar and Williams 1996),
two of the three top carnivores were perlid stoneflies, suggesting a considerable
potential for top-down regulation; stoneflies are prominent in other stream food
webs (Mihuc and Minshall 1995, Hall et al. 2000, Benke et al. 2001) although they
often share the higher trophic positions with other taxa (odonates, megalopterans,
caddises). Dudgeon (2000) considered stoneflies to be generalized predators taking
prey in proportion to their abundances and thus unlikely to affect community
composition. (This argument overlooks the varied demographies of prey and
their sensitivity to predation rates.) Experiments cited earlier suggest differences
in preferences and vulnerability and availability in different habitats. Wipfli and
Merritt (1994) manipulated prey availability with a bacterial larvacide; one perlid
predator switched to alternative prey but another was unable to compensate for the
loss of favored prey and simply ate less. Another compensatory mechanism is the
surprising amount of algal consumption (omnivory) by some predaceous stoneflies
(Lancaster et al. 2005), which may support large populations capable of switching
to periodically abundant prey. Direct measurements of predation effects include
Cooper et al. (1998) who manipulated perlid densities in enclosures; predator
effects were greater in smaller enclosures. How do we extrapolate to entire
streams? Benke et al. (2001) estimated that all invertebrate predators consumed
50% of annual prey production. Investigations at smaller scales suggest a rich
variety of predator actions so responses at larger scales may vary with diversity
and composition of the predator assemblage and with the physical background
including hydrological disturbance (Thomson et al. 2002). Designing
observational and experimental programs of realistic duration and spatial extent
will be a challenge.
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Population Biology

Good life history descriptions are the foundation of population biology but ~45% of
North American genera (Stewart and Stark 2002) lack all but minimal life history
information. Furthermore, life histories are not invariant. Pteronarcys (DeWalt
1995, Townsend and Pritchard 1998) and Dinocras (Frutiger 1987, Sanchez-Ortega
and Alba-Tercedor 1991, Zwick 1996, 2002, Sand and Brittain 2001, Erkinaro and
Erkinaro 2003) extend life histories one to several years at high latitudes or
elevations. European Nemurella pictetii provides the only known example of
bivoltinism in stoneflies (Wolf and Zwick 1989) but other populations are univoltine
or semivoltine (Brittain 1978). North American Nemoura trispinosa nymphs
develop in one year in intermittent streams and two years in permanent spring brooks
(Williams et al. 1995).

Past life history studies emphasized nymphal development and the egg and adult
components of the complete life cycle (Table 1) were inaccessible. Rearing
experiments have opened new dimensions in stonefly ecology. Delayed egg
development including diapause (Schwarz 1970, Taylor et al. 1999) adds a year to
the life cycle and uncouples nymphal recruitment from adult emergence in that year.
Rates of population increase are decreased by delays in age at maturity so egg
diapause shifts stonefly demography even further into “life in the slow lane.”
Variable diapause durations coupled with varying nymphal growth rates can lead to
cohort splitting for which there is developmental (Moreira and Peckarsky 1994,
Townsend and Pritchard 1998) and genetic (White 1989, Schultheis et al. 2002a)
evidence. An egg bank (Zwick 1996) with variable developmental durations
(Sandberg and Stewart 2005) results in spreading of risk and stabilization of
populations in cases of catastrophic mortality. Although at the assemblage level of
organization rather than the population, the possibility that close synchronization of
hatching dates within species and differences among species would permit division
of resources and coexistence of related species (Elliott 1995) is another example of
the importance of the egg stage.

Adults are somewhat better known although most observations concern
reproductive behavior (Hanada et al. 1994, Alexander and Stewart 1996, Taylor et al.
1998). Adult food (Tierno de Figueroa and Sanchez-Ortega 1999, Smith and Collier
2000) and shelter (Collier and Smith 2000) requirements are poorly understood.
Myers and Resh (2000) observed many adult aquatic insects sheltering, perhaps from
nightly frosts or predators, beneath overhanging banks in high elevation meadows;
grazing cattle, common in the western USA, break down such overhangs and may
impact insect populations by this mechanism as well as the changes in sediment,
channel morphology and water quality often associated with grazing. More
generally, we know very little about adult movements or habitat use. Holognath
stoneflies walk away from streams into the forest (Thomas 1966, Kuusela and
Huusko 1996) but some perlodids (Jop and Szczytko 1984) depart for destinations
unknown within hours of emergence. Quantitative estimates of mortality and
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longevity are lacking. Emergence sampling (Haro et al. 1994, Sheldon 1999, Tierno
de Figueroa et al. 2003) provides important life history data but leaves quantitative
adult biology unresolved, although Zwick (1990) identified the adult as the likely
controlling stage in stonefly population dynamics. (Basic demographic theory
implies the same thing since adults are the few survivors of a nymphal cohort and
will reproduce very soon; hence their reproductive value is nearly maximal.)

Production estimates (Benke 1984) incorporate growth and mortality rates but
the results are usually given as annual production and turnover (P/B) for use in
ecosystem research (Oertli and Dall 1993). Only rarely is any attempt made to
quantify growth and mortality separately or the season- and size/age-specific rates of
production (Sheldon 1972, Derka et al. 2004). Especially good examples of stream
insect demography involve taxa other than stoneflies. Enders and Wagner (1996)
quantified the complete life history of a caddis; adult mortality was extremely
important as it was for two mayflies in the same stream (Werneke and Zwick 1992).
McPeek and Peckarsky (1998) explored the fitness consequences of predator effects
on growth, mortality and fecundity of a damselfly and a mayfly. For the mayfly,
sublethal effects of a predaceous stonefly were strong. Adequate demographic data
to conduct similar analyses for stoneflies are not available. However, the
perspectives provided by these few papers are very different from the production
emphasis of much of stream ecology and suggest new ways to approach stonefly
ecology.

In an exceptional data set from Broadstone Stream in southern England over
three decades, relative stability of stonefly numbers for periods of a few years was
coupled with long-term abundance trends driven by decreasing acidity (Woodward et
al. 2002). A model of this system (Speirs et al. 2000, Hildrew 2004) implies stable
dynamics of two stoneflies important both as consumers and as prey.

Data at extended spatial scales are equally scarce.  Lavandier (1982)
demonstrated a shift from two year nymphal development at lower elevations to three
years at higher sites. The additional year reduced survival to emergence from ~6% to
~1%; Lavandier suggested that populations at high elevations could not replace
themselves without immigration of adult females from downstream populations with
shorter life cycles and lower mortality. Such source-sink dynamics (Pulliam 1988)
may be common in stream insects.

Dispersal by adults across the landscape may have important consequences;
relative wing length of stoneflies is positively correlated with geographic range
(Malmgqvist 2000). Direct measurement of stonefly dispersal (Griffith et al. 1998,
Petersen et al. 1999) by trapping has been supplemented by mass marking with a
stable isotope (Brier et al. 2004, Macneale et al. 2004) and molecular techniques
(Hughes et al. 1999, Ketmaier et al. 2001, Schultheis et al. 2002b). Collective
evidence suggests low dispersal among streams. Hughes et al. (1999) working with
Yoraperla brevis in mountainous terrain observed limited genetic differentiation
within canyon streams (evidence of high dispersal), low genetically effective
dispersal among streams and additional genetic differentiation between two adjacent
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streams and the remaining five.  The latter observation suggests genetic
differentiation at still larger scales. Support for this idea comes from another taxon;
the grazing tadpoles of the frog Ascaphus montanus are widespread in the northern
Rocky Mountains and commonly co-occur with nymphs of Y. brevis. Nielson et al.
(2001) observed haplotype differences over distances of 100—300 km; these patterns,
and possibly some of the structure in Y. brevis, probably involve evolutionary
changes at longer time scales. Returning to scales of ecological time and distance,
the evidence for limited dispersal is cause for concern. Local extirpation may
represent the loss of unique genotypes (Wishart and Davies 2003), may not be
followed by recolonization and gene flow may be necessary to allow adaptation to
impacts such as global warming (Hogg and Williams 1996). The concept of
stoneflies as metapopulations subject to fragmentation (Zwick 1992) and extinction
in dendritic stream networks (Fagan 2002) supports the need for research at larger
spatial scales. More needs to be done, both conceptual and empirical. Most of the
dispersal research involves small streams and few stonefly taxa; large Perlidae enter
light traps kilometers away from likely streams of origin (Poulton and Stewart 1991)
so existing data may not be general.

Faunistics and Phenology

A significant part of the stonefly literature consists of regional lists and local studies
of spatial distribution and emergence phenology. This scattered literature is a
valuable but unsynthesized resource that provides a baseline against which local
anthropogenic impacts and remediation can be measured. More generally, widely
distributed sites could be used to measure latitudinal and elevational changes induced
by global climate change. Repeating thorough surveys, e.g., Ravizza and Ravizza
Dematteis (1986), at decadal intervals would vastly increase the power and
sensitivity of such an enterprise.

A simple example of data mining is Richardson’s (2001) use of published
emergence data to develop a regression model predicting emergence dates of the
widespread nemourid Zapada cinctipe from latitude and elevation. In the next
section, I use published data to explore macroecological patterns.

Family Profiles

Macroecology focuses on statistical patterns of abundance, distribution and diversity
(Brown 1995). In this venture into stonefly macroecology, I examine patterns higher
in the evolutionary scale (families) at continental and Holarctic scales (Table 1).
(Southern hemisphere stoneflies are not included.) The strikingly different profiles
of Fig. 1 introduce the problem. In these graphs, the numbers of species in each of
the indicated families are plotted. The four histograms differ in total species richness
and, of more interest, in the relative diversity of the families or shapes of the profiles.
The profile for the Great Smoky Mountains (B. Kondratieff, unpublished data) in the
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southeastern USA is relatively even or equitable when contrasted with the Italian
profile(http://utenti.lycos.it/ecologia_aquila/sasso.htm?), which lacks two families
(Peltoperlidae, Pteronarcyidae) confined to North America and Asia; more notable is
the dominance of Leuctridac and Nemouridae. The Florida profile (Pescador et al
2000) is still different; it resembles the Great Smokies in diversity of Perlodidae and
Perlidae but the remaining families are represented by few species. Comparison of a
species-rich site (Mount Rainier NP) in western North America (Kondratieff and
Lechleitner 2002) with the Great Smokies illustrates more subtle differences; the
western site is impoverished in Perlidae and relatively rich in Capniidae, Nemouridae
and Chloroperlidae.

High diversity of Leuctridae in Europe and increased richness, both relative and
absolute, of Perlidae in warmer regions are well known; the visual differences in the
selected cases in Fig. 1 suggest more inclusive distinctions. Are the patterns general?
I used Stark’s (2002) list (http://www.mc.edu/campus/users/stark/Sfly0102.htm) of
North American stoneflies to construct a species richness x family table for states and
provinces. (These are political units varying substantially in area and also in
collecting effort. Small adjacent states, e.g., CT, MA, RI were combined to reduce
these problems.) Species counts were log transformed to emphasize proportional
differences in a principal components (PCA) ordination (McCune and Mefford 1999)
based on the correlation matrix. The first two components (Fig. 2), both with
eigenvalues >1) account for 64% and 16% of total variance. PCl1 is dominated by
richness; vectors for all families are directed leftward. (The same feature in
morphometric analyses is termed a size component with shape information in higher
components.) PC 2 distinguishes eastern versus western units; vectors are positive
(eastern) for Perlidae and less so for Taeniopterygidae whereas Nemouridae and
Chloroperlidae vectors are negative (western). Mapping the PC scores (Fig. 3)
shows the geographical coherence of the patterns summarized by the ordination
scores. High diversity (negative scores on PC1) political units, e.g., VA, CA occur in
the southern Appalachians and western coastal mountains. Diversity is lower
(positive scores) in higher latitudes and regions of low relief or precipitation. PC2
demonstrates the structural distinction of eastern and western stonefly faunas. Sites
in the Great Plains are seen as impoverished outliers of the eastern fauna. Northern
units, including the northeastern USA and eastern Canada are more similar to
western ones than to the core area of the eastern USA. Worth emphasizing at this
point is the fact that species identities were not included in the analysis; the maps and
ordinations summarize patterns in the absolute and relative diversities of families
(Fig. 1). East and west share only a few stonefly species so the pattern on PC2 in
Fig. 3 resembles that expected on compositional grounds; however, the northeastern
USA and eastern Canada are compositionally similar to the rest of the eastern USA,
but are structurally similar to the west.

To extend this analysis across the northern hemisphere, I assembled data from
locations (single sites to small regions) throughout the Holarctic (sources available
from the author). Only the seven families shared across the entire region were
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Figure 3. Maps of ordination scores (Axis 1 and Axis 2) of family richness profiles
from Fig. 2.
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included; Asian-North American Peltoperlidac and Pteronarcyidac and Asian
Scopuridae and Styloperlidac were excluded. Three principal components with
eigenvalues >1 accounted for 43%, 21% and 14% of total variance (Fig. 4). As in
the North American analysis, PC1 is heavily weighted by richness but PC2 separates
European sites from North American ones and most of the small set of Asian
localities; Taiwan (TAI), which lacks four of the seven families considered, is an
extreme outlier. PC2 and PC3, which contain most of the information on
proportional representation of families, retain geographic distinctions but with
considerable fuzziness. Extremes on PC2 are European (positive) and western North
American (negative). Positive scores on PC3 include western North American and
European sites at high latitudes (Urals, Finland) or elevation (Estaragne R. in the
French Pyrenees); negative scores are sites in the eastern USA. The distribution of
the small sample of Asian sites is especially interesting. Northern sites (Kurile
Islands, Sihote Alin in the Russian Far East) group with western North America and
other northern locales; the Japanese island of Hokkaido and a Korean site align with
temperate localities in the eastern USA. Impoverished Taiwan groups weakly with
some Perlidae-dominated sites in the southern USA.

The influence of total species richness is very strong in these ordinations. Larger
regions or species-rich locations are seen as more distinctive than single localities or
impoverished sites which tend to converge in the ordinations. I evaluated this effect
by ordinating nested data from regional or catchment scales to single sites. A
Slovakian (Krno 2000) and an Italian (Ravizza 1975 ) stream formed the European
set. North American data are for the Ozark-Ouachita region of the central USA and
its Ouachita Mountains subregion (Poulton and Stewart 1991). Within the Ouachitas,
38 sites were collected in two catchments, one with three subcatchments (A. Sheldon
and M. Warren, unpublished data). Ordination of these nested data (Fig. 5) shows
the strength of the richness effect. The clouds of points do converge as smaller units
with shorter species lists are compared. However the continental signal persists; a
single Slovakian site, polluted and with only three species, joins the Ouachita sites
but all others remain distinct.

The profiles (Fig. 1) suggest substantial differences in stonefly assemblages and
the various ordinations demonstrate geographical coherence of these patterns over
large regions. If, as seems reasonable, family membership entails shared ecological
attributes, then stonefly assemblages in different parts of the world may be
functionally quite different. Investigations of community-level patterns in Europe
and eastern or western North America may reveal common elements but also major
departures from accepted generalizations. At the very least, family profiles (Fig. 1)
should be a useful comparative tool and the ordinations and maps suggest a
framework for comparative research; the similarity of some Asian sites to North
American ones is striking as are the differences between European and North
American assemblages (Fig. 4).

Causation of these patterns must have roots in deep time. Patterns of vicariance
and dispersal followed by the interplay of speciation and extinction must determine
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modern diversity and the shapes of the family profiles. Phylogenies and estimates of
speciation rates (Xiang et al. 2004) are needed to understand regional diversities
within and among families. (Illies [1969] proposed that diversity of European
Leuctra was driven by high speciation rates.)
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Figure 5. Ordination (PCA) of family profiles nested from regional to local scale in
Europe (0) and the Ozark-Ouachita region of North America (1). Larger regions with
more species are toward the left.

All the ordinations, especially Fig. 5, imply that family profiles of local sites are
more similar than the regional profiles of which they are a part. One explanation is
that local lists are simply too small a sample to provide statistical power to detect
differences. Another, and ecologically more interesting, possibility is that local
assemblages are structured by interactions and follow assembly rules (Illies 1952,
Belyea and Lancaster 1999, Weiher and Keddy 1999). If regional diversity of a
family is primarily among sites () diversity and only a few confamilial species
coexist, the modes in Fig. 1 would flatten to produce a more uniform family profile.
Resolution of this issue will require ecological/faunistic research including synthesis
of published faunistic studies, careful use of null models (Gotelli and Graves 1996),
and research at the interface of ecology and phylogeny (Webb et al. 2002). McPeek
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and Brown (2000) concluded that nonadaptive speciation events played a large role
in structuring damselfly assemblages. Work on other taxa (Cavender-Bares et al.
2004, Graham et al. 2004) suggests a greater role for species interactions and habitat
specificity and Silvertown et al. (2001) concluded that niche differences have
accumulated throughout the evolutionary history of species. Considering stoneflies,
what are the patterns of coexistence and assemblage structure from a single riffle to
catchment, regional and continental scales? This essay in macroecology identifies
questions but does not answer them. However, stoneflies distributed in globally
replicated stream networks may hold answers to very general ecological and
evolutionary questions.

Complementarity, Collaboration and Conservation

The previous sections make it clear that the ecological and evolutionary columns
(Table 1) are complementary and that understanding any level of a hierarchy
complements work done at other levels. Since few researchers have the enthusiasm,
knowledge and technical skills to work effectively at all levels, collaboration is
essential. Some collaboration is unplanned in any formal sense. Accessible
taxonomy is essential for ecological research so the production of regional
monographs or the nymphal treatise of Stewart and Stark (2002) advance the
ecological enterprise. Ecologists should return the favor by depositing material,
especially associated nymphs and adults, in major collections. Ross and Ricker
(1971) developed a loose network of volunteers, The Winter Stonefly Club, whose
widespread collections formed the basis for definitive taxonomic treatments of the
winter-emerging stonefly families of eastern North America. Brittain et al. (2003)
organized a formal comparative study of glacial streams, which could serve as a
model for ecological investigations at continental or global scales.

Opportunities for concept-based collaboration are numerous.  Molecular
biologists should be included in groups investigating problems in systematics,
biogeography, ecology and conservation. A coordinated geographically extensive
network, including previously studied sites, of investigations of distribution, diversity
and phenology would contribute to systematics, community ecology, global change
and conservation issues. Note that such research could profitably involve amateurs.
Other possibilities come to mind but problem definition should be done by those
doing the work, so I will not attempt to chart the full course.

Conservation of stonefly diversity requires solid taxonomy and good
distributional data supported by environmental data and management plans.
Stoneflies have not played a major role in conservation planning, partly because
stoneflies are not seen as important components of ecosystems, but also because
distributional data are seldom good enough to define conservation status. Lists such
as Morse et al. (1997) are a substantial step forward. However, most of the data are
based on intuitive and opportunistic choices of collecting locales rather than an
objective sampling design. (White [2004] nicely contrasted the Traditional and the
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Structured approaches to biodiversity sampling.) The collaborative enterprise I
sketched above could provide a structural framework. Most stonefly conservation
efforts will involve habitat protection but opportunities for restoration, especially in
large rivers, exist. We know that stonefly species have vanished from parts of the
landscape (Kury 1997, Landa et al. 1997, Favret and DeWalt 2002, Webb 2002).
Improvements in land and water management may bring them back through natural
recolonization, but reintroduction, from populations genetically matched with
museum specimens, may be highly desirable (R. E. DeWalt, pers. comm.). My
personal favorites for monitoring and, perhaps, active intervention, are large,
regulated rivers such as the French Broad in eastern Tennessee, USA, where
effective management of discharge and oxygen concentrations plus introductions
have re-established populations of endangered fishes and mollusks. Will we see the
return of large river assemblages of stoneflies? And do we know what they were?

Taxon-focused ecology is a questionable enterprise since biota and ecosystems
are far more inclusive than a single order of insects. Alternatively, stoneflies warrant
attention as important actors in running waters, the most pervasive of continental
ecosystems. Stoneflies also provide different environmental information than other
aquatic insect orders (Heino et al. 2003, Park et al. 2003). Hawkins (1996)
questioned the value of the mixed bag of papers resulting from meetings like this
one. However, ecologists should “know their organisms” and there is real value in
the integration of topics from ultrastructure to palacobiogeography. The challenge
will be melding broad concepts of ecology, behavior and evolution with our detailed
knowledge of this fascinating group of insects. Plecoptera, with their ancient roots
and predilection for globally distributed streams and rivers, can contribute
fundamental ecological understanding.
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Abstract

We assessed the effects of stream habitat loss and fragmentation on the density,
genetic diversity and persistence of a mayfly (Ephemerella inconstans Traver, 1932)
in 24 first-order streams across nine headwater stream networks in Maryland and
Virginia. We present differences in population density and local extinction in
forested versus deforested headwater streams, as well as a preliminary analysis of
genetic diversity in populations of E. inconstans and three closely related species.
Because the sampling period spanned two years of drought (2001-2002) followed by
two years of recovery (2003-2004), we predicted that mayfly density would be
higher and population extinction rates lower at forested sites compared with
deforested (agricultural and residential) sites. We found no difference in initial
density at forested and deforested sites and no difference in the level of population
decline across all sites by the end of the drought. However, one year after the
drought had ended, population density was significantly higher in forested streams
compared with streams flowing through agricultural and residential areas. Further,
while only 1 of 11 populations at forested sites remained extirpated in 2004,
populations in 4 of the 13 deforested streams were extirpated at the end of the study.
These results suggest that recovery and recolonization following a major regional
disturbance was more successful in the intact, forested stream networks than in the
altered networks. To examine the population genetic effects of the demographic
decline, extinction events and post-drought recovery, we sequenced a region of
mitochondrial DNA in 10 populations. However, we found very low polymorphism
across the entire 200 km range of the study, suggesting that a prehistoric bottleneck
occurred in this species.

Key words: Ephemeroptera; Ephemerella; dispersal; population extinction; first-
order streams; population density; genetic diversity.

Introduction
Extensive deforestation of small watersheds in the Mid-Atlantic Piedmont region of
North America has altered the structure and function of headwater streams by

reducing their number, disrupting critical ecosystem processes, and fragmenting
surviving headwaters into isolated or semi-isolated habitat patches. Predicting the
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impact of habitat loss on aquatic insect species depends, in part, on understanding
how individuals move among resource patches and population units (Turner et al.
2001, Goodwin and Fahrig 2002). Some movements, such as annual migration, are
predictable; others, such as stream drift by insects, are responses to random events or
local conditions (Humphries 2002, Ledger et al. 2002, Anholt 1995). Whatever the
reason and mechanism, the movements of individuals shape the spatial structure of
populations and the species, and play an important role in their persistence (Hanski
and Ovaskeinen 2002, Lowe 2002).

Headwaters are naturally patchy habitats that support diverse communities of
aquatic insects. Individual headwater streams may be only a few hundred meters in
length and flow through watersheds less than one square kilometer in area. However,
in their natural state in the Mid-Atlantic Piedmont region of North America,
headwaters rarely exist in isolation; rather, they form complex networks covering
large areas over which flow is diffused through a dendritic network of many small
channels.  Preserving natural connections for movement of individuals can
significantly affect the population extinction probabilities in habitats with this
particular geographic structure (Fagan 2002).

Small as they are, headwater streams and their associated wetlands perform
multiple ecological functions of critical importance to the larger ecosystem.
Headwaters retain sediment and slow runoff; recharge groundwater sources; take up
chemicals and excess nutrients that would otherwise be transported to bays, lakes and
oceans; process and transport beneficial organic matter to downstream ecosystems;
and provide refuge and habitat for mayflies and other aquatic organisms (Peterson et
al. 2001, Wallace et al. 1997). Recent surveys estimate that headwater streams
comprise at least 80% of total stream miles in the United States (Meyer et al. 2003)
and at least 66% of stream miles in Maryland (MDNR 1997, 2001). However,
because of their small size and ubiquitous presence in areas with high dollar-value
real estate, headwater networks in the Central Piedmont are highly susceptible to
development. Viewed as nuisances to some property owners, the wet lowlands and
small channels associated with headwaters are filled, diverted or piped underground
to prevent flooding of roads, fields, lawns and buildings. In recent years,
simplification and degradation of small stream networks in Maryland and Virginia
has greatly reduced the quantity and quality of habitats available to headwater-
specific organisms (MDNR 1997, 2001).

We tracked 24 populations of the mayfly Ephemerella inconstans Traver, 1932,
over two to four generations to ask how recent changes in the landscape structure of
headwater steam networks have affected the interaction and persistence of mayfly
populations living in them. Here we present results of a study of population density
and patch extinction, an initial study of genetic diversity among the sampled
populations of the species E. inconstans and two other species recently synonymized
with Ephemerella invaria (Walker), 1853 (Jacobus and McCafferty 2003), and plans
for the continuing the population genetic and phylogenetic analyses in the coming
year.
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Methods and Materials

Study Organism. The genus Ephemerella is Holarctic in distribution, encompassing
a range of Europe and nontropical Asia, Africa north of the Sahara and North
America south to the Mexican desert region. Until recently it was thought that the
species E. inconstans was found only in the southeast United States, in the Central
Piedmont and Southern Appalachian regions (Allen and Edmunds 1965). A revision
by Jacobus and McCafferty (2003) recognizes eight previously distinct specie