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(ABSTRACT) 

Life history, food habits, energetics, and production 

by nymphs of Pteronarcys proteus were measured. The life 

cycle lasted four years in an Appalachian mountain stream in 

southwestern Virginia. Adults emerged late May to early 

June, and eggs deposited did not hatch until the following 

spring. Nymphs grew at least 3 years with 12 male instars 

and 13 female instars. The nymphal diet was primarily leaf 

detritus, with a small percentage of moss and animal matter. 

Total crude lipid content of nymphs varied from 6% to 29% of 

dry insect weight and was dependant on age, season, and de-

velopmental state. Lipid content of nymphs in the two 

youngest cohorts generally declined during late summer, but 

increased after leaf-fall in November. A similar pattern was 

observed in the oldest cohort, but a significant decline in 

the spring prior to emergence of adults was also observed. 

The data indicate that £.:.. proteus relied on lipid stor·es 



during periods of low food availablility and for reproductive 

maturation. 

The energetic parameters of growth (G), respiration (R), 

ingestion (I), and egestion (E) for nymphs in each of the 

three cohorts were measured in the laboratory. Growth rates 

ranged from 0.031 to 0.0037 mg/mg/day, with small nymphs 

growing fastest. Ingestion ranged from 5 to 40% of dry body 

weight per day. Respiration ranged from 330 to 980 µl 

0 2 /g/hr. Mean AD was 13.5%, mean gross growth efficiency was 

5.2%, and mean net growth efficiency was 38.7%. 

Total assimilation by a population was estimated at 119 

kcal m- 2 , accounted for primarily by the two oldest cohorts. 

Annual energetics of the nymphal population were: I= 906, G= 

41, R= 78, and E= 828 kcal m- 2 • Annual production was 0.438 

g m- 2 , 3.158 g m- 2 , and 4.182 g m- 2 , with the youngest cohort 

contributing the smallest. Mean cohort densities ranged from 

23.8 to 9.3 nymphs m- 2 , and mean standing stock biomass 

ranged from 0.143 to 1.790 gm- 2 • Mean relative growth rates 

(RGR) in the stream were greatest for smallest nymphs and 

ranged from 0.939 to 0.182 percent increase per day. The 

data indicate that growth rates of small nymphs were inf lu-

enced by temperature and larger nymphs by food supply. It 

was estimated that ~ proteus consumed 41-61% of the 

litterfall in the study stream. 
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INTRODUCTION 

The concept of energy flow in biological systems has 

been a unifying theoretical construct in the study of the 

ecology of organisms, and it is a fundamental characteristic 

of ecosystems. Decomposition of organic matter represents a 

major pathway for energy and material flows in the biosphere, 

and detritus is thought to be the primary energy source in 

many aquatic ecosystems (e.g. Wetzel 1975, Fisher and Likens 

1973, Goldman and Kimmel 1978, Godshalk and Wetzel 1978, 

Minshall 1978). Despite the well-accepted importance of de-

trital organic matter in supporting many ecosystems, little 

is known about how detritivores utilize this resource. The 

overall objective of my research was to investigate the use 

of vascular plant detritus by a common insect detritivore in 

a stream ecosystem. 

In low-order woodland streams, the primary source of 

detritus is autumnal leaf-fall, which provides habitat 

(refugia) and food resources for an array of macro- and 

microconsumers. Most leaves entering low-order streams 

travel only short distances ~efore being trapped by ob-

structions and are comminuted (reduced to fine particles) in 

place by a complex combination of physical and environmental 

factors (Peterson and Cummins 1974, Boling et al. 1975, 

Naiman and Sedell 1979). After leaves have been microbially 

1 
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"conditioned" for a few weeks, they can become a food re-

source for macroinvertebrate detritivores termed 

"shredders", which feed directly on the leaf material 

(Cummins 1973). The feeding activities of shredders, in 

combination with microbial decomposition and physical 

abrasion, gradually reduce leaf material to fine particles 

which can be consumed by an array of deposit- and filter-

feeding invertebrates or be further decomposed by microbes 

(Anderson and Sedell 1979, Cummins and Klug 1979). The 

feeding activities of shredders are thus a fundamental link 

between the detrital (energy) resource and other stream 

biota. 

The quantitative importance of invertebrate (shredder) 

feeding in the conversion of whole leaves to fine particles 

in streams is not well known but some estimates are avail-

able. Cummins et al. (1973), using individual and mixed 

groups of invertebrates in laboratory experiments, estimated 

animal processing of leaf material to account for about 20% 

of total weight loss. In field experiments, Peterson and 

Cummins ( 1974) attributed about 24% of the processing of leaf 

packs to invertebrate feeding. Using an insecticide to ex-

clude macroinvertebrates from a first-order woodland stream, 

Wallace et al. (1982) found that leaf pack breakdown rates 

were reduced significantly. Webster and Patton (1979) cal-

culated that macroinvertebrates ingested 80% of the annual 

leaf fall input in a small forest stream. In a computer 
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simulation of a model based on data from a southeastern 

stream, Webster (1983) evaluated the role of macroinverte-

brates in detrital dynamics. He suggested that shredders 

exert a stabilizing influence on long-term export dynamics, 

providing an important link between low-order and high order 

streams in the river continuum. In Appalachian mountain 

streams, rates of leaf breakdown and POM production have been 

shown to be largely a function of shredder abundance in leaf 

packs (Kirby et al. 1983, Benfield and Webster 1985). In 

streams where shredders are numerically unimportant or ab-

sent, leaf processing appears to occur primarily as a func-

tion of microbial and physical factors alone (Benfield et al. 

1977, Reice 1978). 

Despite their importance, the means by which shredders 

utilize detrital energy and the factors that govern their 

relative success and distribution are largely unknown. As 

detritivores, shredders may be limited in their growth and 

production by a lack of high quality food source (Grafius and 

Anderson 1979). Conditioned leaves may not provide a fully 

nutritional diet (Fuller and Mackay 1981), and it has been 

suggested that other diet supplements may be necessary to 

promote the completion of the life cycle of an detritivorous 

insect (Anderson and Sedell 1979). Periphyton (particularly 

diatom~) is a higher quality food source than leaf detritus 

(Anderson and Cummins 1979), and aquatic insects may supple-

ment their requirement for protein by ingesting algae when 
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it is available. Dietary opportunism (polyphagy) has been 

demonstrated as seasonal-developmental shifts in the diets 

of detritivores (Coffman et al. 1971, Cummins 1974, Fuller 

and Stewart 1977, 1979) and may be a common feature in 

aquatic habitats (Cummins 1973). It has been noted that 

aquatic insects in low-order streams appear to ingest 

periphyton in greater amounts than is indicated by the 

availability of algal standing crops (Chapman 1966, Mecom 

1972, Moore 1977). In the southern Appalachian mountains, 

periphyton is most available in late spring and summer when 

the remaining leaf detritus is of low quality (Hornick et al. 

1981). 

At the present time the role of microbial biomass as a 

mechanism by which detritivores may utilize detrital re-

sources is not well defined. Colonizing microbes may convert 

detrital substrate into assimilable microbial biomass 

(Barlocher and Kendrick 1974, 197Sa), supplying growth fac-

tors (Buchner 1965) or macronutrients (Kaushik and Hynes 

1968), or act as agents by which the interior of a leaf is 

made more accessible to the digestive processes of the con-

sumer (Barlocher and Kendrick 1975b, Martin 1979, Barlocher 

1982). It has been suggested that shredders acquire most of 

their assimilated food from microbial biomass colonizing the 

leaf detrital substrate (e.g. Cummins 1973). This suggestion 

was supported by feeding preference studies that demonstrated 

shredders (insects) selectively ingest leaf material with a 
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certain degree of microbial conditioning (e.g. Triska 1970, 

Kaushik and Hynes 1971, Mackay and Kalff 1973, Anderson and 

Grafius 1975). Finally, investigations directed toward 

finding enzymes essential for the digestion of leaf 

polysaccharides in the alimentary tract of aquatic insects 

have been largely unsuccessful (Bjarnov 1972, Monk 1976, 

Martin et al. 1980, 1981a, 1981b). 

Recent studies, however, have found that microbial 

biomass appears to be insufficient to support the nutritional 

needs of Simuliium and Chironomus larvae (Baker and Bradnum 

1976), Tipula abdominalis larvae (Cummins and Klug 1979, 

Lawson et al. 1984), and the amphipod, Lirceus (Findlay et 

al. 1984). Lawson et al. (1984) concluded that for normal 

growth I..... abdominalis required the presence (or activities) 

of a microbial community, but for reasons other than a direct 

source of carbon and nitrogen. Direct evidence that 

shredders have the ability to utilize the detrital substrate 

was provided by Sinsabaugh et al. (1985), who found that 

three leaf-shredding insects have the ability to digest and 

assimilate puri£ied U14 -C cellulose. 

Another important consideration concerning shredder nu-

tritional ecology is metabolic requirements based upon life 

cycle. Nutritional needs change with developmental state of 

many organisms and such changes should be considered when 

attempting to define quality food. Food quality and the nu-

tritional needs of insects have been associated with nitrogen 
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(Slansky and Feeny 1977, McNeil and Southwood 1978, Scriber 

and Slansky 1981). These studies helped develop the current 

idea that microbial biomass, which is high in assimilable 

nitrogen, is a principle source of nutrition to detritivores. 

However, nitrogen may be be more important for young, growing 

animals than older individuals (White 1978). Hanson et al. 

(1983) found a negative correlation between growth and food 

nitrogen content in last instar Clisteronia magnifica 

(Trichoptera), and Montgomery (1982) reported a reduction in 

nitrogen content of last instar gypsy moths. 

A pattern of lipid accumulation in large amounts prior 

to pupation and/or diapause often occurs as part of the 

normal ontogenetic sequence of growth, maturation, and re-

production in insects (Downer and Mathews 1976, Gilbert 

1967). Stored energy is subsequently utilized during periods 

of intense metabolic demand, such as metamorphosis, egg pro-

duction, and flight. Lipid stores may be particularly im-

portant for adult aquatic insects, many of which do not feed 

and rely on stored fat for energy during the adult phase. 

Otto (1974), Hanson et al. (1983), and Cargill (1985) demon-

strated large increases in lipids during the last instar of 

two holometabolous aquatic insects (Trichoptera), suggesting 

a pattern similar to that which occurs in terrestrial in-

sects. Cargill (1985) related carbohydrate supplement in the 

diet to an increase in lipid stores in the final instar of 

Clisteronia magnifica and a subsequent increase in viability 
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and fecundity of adult insects. Similar changes at maturity 

have been observed in hemimetabolous aquatic insects, prima-

rily in the order Plecoptera. A shift from growth (tissue 

elaboration) to redifferentiation of adult structures and egg 

development was evaluated in terms of growth and respiration 

in Taeniopteryx niyalis by Knight et al. (1976). A distinct 

metabolic shift occurred in the last instar, and it was sug-

gested that lipid stores were the major energy source for 

these changes (Agrell and Lundquist 1973, Prus 1970). 

Changes in fat bodies and gonadal structure were measured in 

Pteronarcys californica and Pteronarcella badia by Branham 

and Hathaway (1975). Their study reported significant changes 

in lipid stores, principally as an increase of fat content 

in final instars during late winter-early spring, followed 

by a decline prior to emergence. These studies all suggest 

that a nitrogen source (i.e. protein) is important to young, 

growing nymphs, which may be nitrogen limited, and during 

maturation an energy source is more important (i.e. carbo-

hydrate). 

The stonefly family Pteronarcyidae has generally been 

found to be comprised of primary consumers and processors of 

detritus in mountain streams (McDiffett 1970, Nebeker 1971, 

Richardson and Gaufin 1971, Fuller and Stewart 1977, 1979). 

Pteronarcys proteus Newman (Plecoptera:Pteronarcyidae) is a 

merovoltine species that occurs in abundance in low order 

streams in the southern Appalachian mountains. Although some 
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life history information is available (Miller 1939, 

Holdsworth 1941a, 1941b), little is known about growth and 

productivity, despite the relative importance of this aquatic 

detritivore. With respect to Plecoptera in general there are 

only a few quantitative studies of growth in natural popu-

lations and analyses of factors influencing growth (e.g. 

Brittain 1983). Pteronarcys species have been used in feed-

ing studies, but most species were used to measure leaf 

processing rates or assimilation efficiencies (e.g. Cummins 

et al. 1973, McDiffett 1970, Short and Maslin 1977, Golladay 

et al. 1983). 

Chapter 1 describes the life history of £....,. proteus in 

relation to diet. Emphasis is on changes in the lipid con-

tent of nymphs through an annual cycle of changing datrital 

availability and during the period of reproductive maturation 

of pre-emergent nymphs. 

Chapter 2 describes a study of the ecological 

bioenergetics of £....,. proteus. Energetic parameters of 

ingestion, respiration, and growth were measured in labora-

tory experiments and the data were used to calculate assim-

ilation efficiencies. These parameters were measured for 

representatives of each of three cohorts found in the study 

area described in Chapter 1. Energy flow in a population was 

then calculated using population and growth dynamics result-

ing from the study described in Chapter 3. 
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The objective of the study described in Chapter 3 was 

to assess the ability of a stream population of ~ proteus 

to transform detrital energy into insect biomass. Nymphal 

sizes, densities, and secondary production were measured in 

a mountain stream, Little Stony Creek, Giles County, 

Virginia. In an effort to shed light on the basic question 

of the importance of food and temperature as factors influ-

encing growth of aquatic insects, an analysis of growth rate, 

temperature, and available food (leaf detritus) was con-

ducted. Another objective was to estimate the percent of the 

annual leaf input that was processed by ~ proteus. 

Ultimately, our understanding of detrital energy re-

sources depends upon our knowledge of processes and organisms 

that act upon or utilize this energy pool and facilitate its 

entry into other trophic levels. The conclusion summarizes 

the knowledge and insights gained from this research, and 

consolidates the conclusions of the three studies. Chapters 

1, 2, and 3 are being submitted to peer-reviewed journals and 

as such are in the format required by the journals. 
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CHAPTER ONE 

RELATIONSHIP BETWEEN LIFE HISTORY, FOOD HABITS, 

AND INTERNAL LIPID DYNAMICS IN A 

LEAF-SHREDDING AQUATIC INSECT 

Abstract 

Changes in total body lipids of nymphs of the stonefly, 

Pteronarcys proteus (Plecoptera:Pteronarcyidae), were meas-

ured in relation to life history and food habits. The life 

cycle lasted four years in an Appalachian mountain stream in 

southwestern Virginia. Adults emerged late may-early-June, 

and eggs deposited did not hatch until the following spring. 

Nymphs lived at least 3 years, with 12 male instars and 13 

female instars. Most growth occurred after leaf-fall during 

late autumn and winter. Diet was primarily leaf detritus, 

with a small percentage of moss and animal matter. Total 

crude lipid content of nymphs varied from 6% to 29% of dry 

insect weight and was dependant on age, season, and develop-

mental state. For the two younger cohorts, lipid content 

generally declined during late summer, followed by an in-

crease after leaf-fall in November. A similar pattern was 

observed in the oldest cohort, but a significant decline in 

the spring prior emergence of adults was also observed. The 
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data suggest that ~ proteus relies on lipid stores during 

periods of low food availablility and for reproductive matu-

ration. 

INTRODUCTION 

The primary energy source for the biota of low-order 

streams in deciduous forests is autumnal leaf-fall from 

riparian vegetation, which may account for over 95% of the 

annual energy input (Fisher and Likens 1973, Hornick et al. 

1981). Large-particle detritivores, or "shredders" (Cummins 

1973) are is mobilized into the stream biota (Cummins et al. 

1973, McDiffett 1970, Short and Maslin 1977). It has been 

generally assumed that shredders and other detritivores may 

be limited in growth and production by a lack of high quality 

food (e.g. Cummins and Klug 1979, Anderson and Sedell 1979). 

Contemporary research has often defined detrital food 

quality in terms of microbial biomass. However, recent 

studies indicate that microbial biomass comprises a small 

fraction of ingested detritus and is capable of providing 

minimal C and N to support growth (Cummins and Klug 1979, 

Baker and Bradnam 1976, Findlay et al. 1984, Lawson et al. 

1984). Life cycle requirements may also require redefinition 

of high quality food as a result of the needs of a nymph in 

a particular life cycle stage (Anderson and Sedell 1979). 

Also, changes in what may important components of the proc-

esses by which detrital energy constitute quality food may 



18 

be reflected in the life history as changes in food prefer-

ence and feeding strategy of insects (Fox and Morrow 1981). 

For example, an increase in the incidence of carnivory has 

been reported in last instar trichopterans (e.g. Winterbourn 

1971, Mackay and Wiggins 1979, Wallace and Merritt 1980). 

Nutritional requirements change with the developmental 

state of most organisms, initially to meet the particular 

needs of growth and development, then those to meet the needs 

of reproduction later in the life cycle. Many insects show 

large increases in stored lipids during the last instar or 

just prior to pupation or diapause (Gilbert 1967, Agrell and 

Lunquist 1973, Downer and Mathews 1976, Beenakkers et al. 

1981), which suggests an energy requirement brought on by a 

shift from growth (tissue elaboration) to redifferentiation 

of tissue, gonadal and egg development, and provisioning of 

eggs. In addition to these changes, which often require sub-

stantial amounts of energy in a relatively short time, energy 

stored as lipids in non-feeding adult insects are the source 

of flight fuel and metabolic support during the reproductive 

period (Downer and Mathews 1976). Thus, the pattern of lipid 

accumulation or loss during the life cycle may provide in-

sight into changes in physiological state during development 

that bear on the basic energy needs of the insect and the 

definition of food quality. 

In addition to limitations imposed by food quality, 

leaf-shredding stream insects may also be constrained by a 
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food supply that is temporally and spatially patchy. This 

is particularly true for semivoltine species that must sur-

vive annual periods of reduced availability of conditioned 

leaf detritus (i.e. late spring and summer). This paper ex-

amines the relationship between total body lipid content, 

life history, and food habits of a leaf-shredding stonefly, 

Pteronarcys proteus Newman. I was interested in changes in 

total body lipids during periods of low food availability 

(i.e. summer) and after leaf-fall, when shredders typically 

gain most of their weight. I expected changes in fat con-

tents of mature nymphs during reproductive maturation, which 

has been observed in other Pteronarcyidae (e.g. Branham and 

Hathaway 1975), and hypothesized that a change in feeding 

behavior would occur, as was observed in last instar 

caddisflies (e.g. Coffman et al. 1971, Winterbourn 1971, 

Wiggins 1977, Wallace and Merritt 1980). 

MATERIALS AND METHODS 

Species Studied 

Nymphs of the stonefly family Pteronarcyidae are con-

spicuous shredders found throughout nearctic North America 

(Merritt and Cummins 1984). The species in this study, 

Pteronarcys proteus Newman, is an important detritivore in 

low-order Appalachian mountain streams in the the eastern 

United States (Benfield and Webster 1985). Although some 

life history information is available (Miller 1939, 
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Holdsworth 1941a, 194lb), little is known about nymphal diet, 

growth, or subsistence through the periods when conditioned 

leaf detritus is scarce that is characteristic of low-order 

streams in deciduous forests. 

Study Area 

The study was conducted in Little Stony Creek, a third-

order tributary of the New River in the ridge and valley 

province of Virginia. The steam originates from springs in 

Clinch sandstones of Silurian age and flows for approximately 

19.4 km through a mixed deciduous forest. A sampling site 

(elevation 612 m) was established along a 500-m reach 8.2 km 

from the confluence with the New River near the town of 

Pembroke (Giles County), Virginia. Riparian trees along the 

reach included maple (Acer rubrum, Acer saccharum), white oak 

(Quercus alba), dogwood (Cornus florida), birch (Betula 

alleghaniensis), American sycamore (Platanus occidentalis), 

and poplar (Populus deltoides). Stream width in the study 

area ranged from 2-6 m and depth ranged from 5-26 cm. 

Substrate consisted primarily of boulder (256-768 mm) and 

cobble 64-256 mm), and some pebble (16-64 mm) on sand, 

gravel, and bedrock. 

Methods 

Nymphs were collected approximately monthly from May 

1983 to July 1984 with a 550-µm mesh kick net or 150-µm mesh 
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during summer to ensure collection of young instars. Nymphs 

were narcotized in cold carbonated water (0° C) and returned 

to the lab where they were frozen for later processing. Wa-

ter samples were taken at least monthly and analyzed for se-

lected water quality parameters (APHA 1975). Air and water 

temperature were recorded with a calibrated continuous re-

cording thermograph. 

Nymphs were measured for head capsule width, wet weight, 

and dry weight (24 hr at 50° C), and sex of older nymphs was 

determined. Diet analyses consisted of removing guts from 

thawed animals and gently disrupting the tissues in water. 

Material from late instars was examined under a dissecting 

microscope with a measured grid. Gut contents from smaller 

instars were collected on membrane filters which were cleared 

prior to microscopic examination. A Whipple grid was used 

to quantify material present. Four categories were used in 

diet analysis: 1) recognizable vascular plant detritus; 2) 

animal matter; 3) periphyton (diatoms); and 4) unrecognizable 

detritus. 

Lipid analyses of whole insects were made for each 

cohort, and where possible, by sex. Individuals from each 

cohort were dried at 40° C (24 hr), ground with a tissue 

homogenizer, and extracted in a mixture of .chloroform, 

methanol, and water (Bligh and Dyer 1955). Extracts were 

then held at 40° C under an N2 atmosphere to remove the sol-

vent, and crude lipid content was subsequently determined 
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gravimetrically. For nymphs weighing <50 mg, several indi-

viduals were combined into one preparation. 

RESULTS 

Temperature and Water Chemistry 

Mean weekly temperatures ranged from 2° to 20.5° C (Fig. 

1). Daily mean temperatures ranged from from 1° C in January 

to 24° C in August. Annual degree-day accumulation, begin-

ning in April, was approximately 3480 degree-days. Water in 

Little Stony Creek was slightly acid (mean pH=6.3, range 

6.1-7.2), soft (mean hardness was 20.3 mg 1- 1 CaC0 3 , range 

16.6-24.1), and poorly buffered (mean alkalinity was 8.6 mg 

1- 1 CaC0 3 , range 6.3-9.1). Mean specific conductance was 

27.2 µmhos (range 19.6 to 35.1 µmhos). 

Life History 

Adults 

Pre-emergent nymphs moved to the stream edge in riffle 

areas beginning in mid-April. As many as 9 individuals per 

m of shoreline were collected. Emergence occurred from mid-

May through the first week in June. The sexes began emerging 

together; however, male emergence lasted about one week, 

while female emergence lasted about 3 weeks. 

To assess fecundity and duration of the egg development 

period, pre-emergent nymphs were collected and held in the 

lab at stream temperatures. After emergence (usually within 
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4 days) pairs were mated. Mean fecundity of 15 females was 

854 eggs (s.d. 172). Females produced dark brown eggs in 2 

to 4 separate masses, which broke apart on contact with wa-

ter. Numbers of eggs per mass varied substantially, and 

usually the first egg mass was the largest. Male adults 

lived for several days after mating, and female adults lived 

until shortly after the last egg mass was produced (about two 

weeks). 

Pteronarcys eggs collected in May from laboratory-reared 

adults and held at room temperature (18-23° C) hatched after 

7 months. However, "May" eggs held at stream temperatures 

did not hatch until the end of the following March, when 

temperature approached 10° C. Similar observations were made 

by Miller (1939), who studied the embryology of J:..... proteus. 

He found that growth and embryonic development was extremely 

slow, requiring five months regardless of temperature. He 

determined that after the development period, the eggs were 

in a non-obligatory diapause until temperatures increased in 

spring. 

Nymphs 

A wide range nyrnphal sizes were present in the stream 

at all times of the year. Plots of frequency distributions 

of both head capsule width and dry body weight showed the 
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presence of several age groups, from which I identified mul-

tiple cohorts with an analysis of the distribution mixture 

(MacDonald and Pitcher 1979). In May mature nymphs plus 

three younger cohorts were present in the stream. After 

emergence, the cohorts present consisted of newly hatched 

nymphs (Cohort 1), one-year-old nymphs (Cohort 2), and two-

year-old nymphs (Cohort 3) (Fig. 2 and 3). Early instars 

were only rarely collected in Little Stony Creek, so meas-

urements of instars 1-3 were obtained from insects hatched 

from eggs in the laboratory and reared on well-conditioned 

leaf material (red maple) at ambient stream temperatures. 

Holdsworth (194la, 194lb) proposed a 3- or 4-year life 

cycle for ~ proteus, with 12 instars for males and 13 in-

stars for females. The life cycle in Little Stony Creek was 

at least 4 years, including the year spent in the egg stage. 

The Cassie method (Cassie 1954) was employed to determine the 

number of instars present using head capsule widths, but re-

sulted in ambiguous plots of size classes and cumulative 

frequencies, making the data not useful. Instead, head cap-

sule width data were analyzed using the method of MacDonald 

and Pitcher (1979) which more clearly separated the frequency 

distribution into 12 modes (instars) for males and 13 modes 

for females. However, using dry weight data with this 

method, instar groups were not as well defined, probably be-

cause of variation of weights within instars. 
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Most nymphal growth occurred in the spring for Cohort 1 

and after leaf-fall during autumn and winter for all cohorts 

(Figs. 2 and 3). The maximum relative growth rate of Cohort 

1 was 1.8 percent increase per day (May-June), and the mini-

mum was 0.50 (March-April). Maximum growth rates of Cohorts 

2 and 3 (0.110 and 0.123 percent increase per day) occurred 

after leaf-fall. Lowest growth rates for Cohort 2 was in 

late summer (0.0186), and no growth of Cohort 3 was measured 

between July and September. Growth resumed in the autumn 

when mature nymphs (Cohort 3) commonly achieved the final 

instar in November and December (Figure 2). Growth of Cohort 

3 slowed again in March prior to emergence. 

Diet Analyses 

Gut fullness was taken as a general indicator of food 

availability, since nymphs returned to the laboratory readily 

ate conditioned leaf material regardless of season. The 

greatest percentages of partially empty or empty guts were 

observed in the late spring and early summer, excluding non-

feeding final instars (Table 1). Diets of the largest nymphs 

were the most distinct, consisting primarily of vascular 

plant detritus (80-90%). Animal remains were rarely present 

and were probably incidental. During the spring, when leaf 

packs were absent, gut contents of mature (pre-emergent) in-

stars consisted almost exclusively of aquatic moss. Diets 

of young instars (Cohort 1) were less distinct; in smaller 
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nymphs, leaf material was still common (50-72%), but 

unrecognizable detritus (24-55%) was also frequently ob-

served. This was partly because young instars scrape rather 

than shred, making identification of ingested material dif-

ficult. Diatoms were also observed more frequently in the 

youngest cohort (8-21%), particularly during winter and 

spring. Newly hatched instars from the stream population 

were not available, so laboratory cultures were used to de-

termine the dietary adequacy of leaf detritus. Eggs were 

collected from adults mated in the lab, and held in an 

incubator at stream temperature until hatching. First instar 

nymphs did not eat anything offered them and may have been 

in a non-feeding state (e.g. Miller 1939). Second instars 

grew successfully to the 5th instar by skeletonizing discs 

of conditioned red maple leaf. 

Analyses of Total Body Lipids 

Lipid content varied from 6 to 29% of insect dry weight, 

depending on age, season, and developmental state (Fig. 4). 

In Little Stony Creek, instars of Cohort 1 (4th and 5th) in-

itially had the lowest lipid content. In October, total body 

lipids measured for Cohort 1 increased significantly (Fig. 

4) and ranged from 12 to 17% for the rest of the study period. 

Members of Cohort 2 exhibited a significant decline (p<0.05) 

in total lipid content during July and August, which may have 

been a result of the high metabolic maintenance incurred by 
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warm temperatures, low food availability, or both. Lipid 

content increased significantly (p<0.05) in October and No-

vember after leaf abcission and increased slightly through 

winter. Although it appears that lipid content in Cohort 2 

declined in April and May (Fig. 4), measured values were not 

significantly different (p<0.05) from those in February and 

March. 

Nymphs of both sexes with two years of growth (Cohort 

3) also exhibited a significant decline in total lipid con-

tent during summer (August), accompanied by an increase after 

leaf-fall in autumn and winter (Fig. 4). Cohort 3 consisted 

mainly of penultimate and final instars. Lipid increases for 

female nymphs were greater than those observed for either sex 

in younger cohorts. Significant declines occurred in both 

sexes of Cohort 3 during spring months, coincidental with 

gonadal development. Fat body changes in final instar fe-

males were particularly evident and were similar to those 

reported for two other species of Pteronarcyidae (Branham and 

Hathaway 1975). Dissection of~ proteus revealed that fat 

body size declined as gonadal tissue increased. However, the 

translocation of lipids from fat body to gonads (and devel-

oping ovarioles) was not measured, so that the measurements 

of total body lipids included those of reproductive organs 

and did not reflect the true magnitude of physiological 

change. The decline of total lipid content in nymphs was 

probably a result of energy used in differentiation and de-
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velopment of the mature, reproductive insect (Agrell and 

Lundquist 1973, Downer and Mathews 1976). 

DISCUSSION 

The large size attained by .f..:.. proteus could be attri-

buted to a long life cycle, which may be termed merovoltine 

(sensu Pritchard 1983). Egg development was very slow, and 

low rates of growth and metabolism appear to be character-

istic of this species. Slow growth and development rates·may 

also be a physiological compensation for low quality food 

(Scriber and Slansky 1981) and may permit a longer interval 

in which to sequester essential micronutrients. .f..:.. proteus 

appears to be cold-adapted, with little or no growth at sum-

mer temperatures in Little Stony Creek and the most growth 

at moderate to low temperatures (5°-15° C). Leaf detritus 

was the primary food resource for all instars, and it sup-

ported the growth of young nymphs in the laboratory. 

Polyphagy, reported for Pteronarcys californica (Fuller and 

Stewart 1977, 1979), was not observed in the present study. 

During periods when leaf detritus was not abundant, .f..:.. 

proteus did not feed as much, and lipid stores were gradually 

depleted. Energy stored as fat or lipids may be important 

to .f..:.. proteus throughout its life cycle, since nymphs remain 

active through annual periods of low food resource avail-

ability and high metabolic requirements (i.e., summer). 
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The availability of adequate energy reserves is essen-

tial for successful metamorphosis and reproduction. The data 

suggest that autumn leaf-fall represents a significant energy 

resource to ~ proteus, particularly to nymphs approaching 

maturity after depletion of fat reserves under summer tem-

peratures. A decline in lipid stores and growth rates in 

pre-emergent nymphs in the spring, even though gut fullness 

showed these nymphs were actively feeding, suggested a high 

energy requirement. Empty or partially full guts were ob-

served in Cohorts 1 and 2 during this time, probably because 

of the low food availability in Little Stony Creek in spring. 

Mature nymphs instead switched to aquatic moss, probably be-

cause of the critical developmental period that necessitated 

sustained assimilation. 

One long-accepted nutritional paradigm is that aquatic 

insects rely heavily on N (available protein) over their life 

cycle. However, Hanson et al. (1983) demonstrated that the 

nitrogen content of food did not control growth in the final 

instar of Clisteronia magnifica, a leaf shredding caddisfly. 

Using the same species, Cargill et al. (1985) reported a high 

carbohydrate requirement by last instar larvae, in which re-

productive success was attributed to large triglyceride 

stores synthesized from wheat starch added to their diet. 

These studies and our results suggest that food quality is 

better defined by specific growth requirements that change 

during larval development and are ultimately related to re-
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productive success. Maturation, which requires substantial 

amounts of energy stored as lipid reserves suggests a change 

from a nitrogen (protein) economy to one of carbon flow (i.e. 

carbohydrates), similar to that proposed by Cargill et al. 

(1985). Changing dietary needs may be evidenced as changes 

in food habits, and it has been suggested that diet supple-

ments (e.g. algae or animal matter) may be necessary for some 

detritivores to complete their life cycles (Anderson and 

Cummins 1979, Cargill et al. 1985). However, ~ proteus did 

not appear to alter its diet and select higher quality food 

items in the last instars, which has been a feature observed 

in some caddisflies (Winterbourn 1971, Mackay and Wiggins 

1979, Wallace and Merritt 1980). Differences in feeding 

strategies may stem from the difference between 

hemimetabolous and holometabolous life cycles, in which the 

presence of a pupal stage requires a different energetic 

pattern (i.e. greater energy stores) for reproductive matu-

ration. It also may be that ~ proteus is more specialized 

for shredding and assimilation of plant compounds than 

trichopteran species. 

In view of reports that microbial biomass appears in-

sufficient to meet the basic nutritional needs of shredders, 

our results suggest that a substantial amount of carbon flow 

must originates from the detrital substrate. ~ proteus is 

capable of assimilating sterile cellulose (Sinsabaugh et al. 

1985). Also, leaves contain a substantial amount of other 
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structural polysaccharides (i.e. pectic polysaccharides and 

hemicelluloses) that are not as crystalline as cellulose 

(e.g. Kato 1981). These amorphous matrix and extracellular 

carbohydrates may be available as carbon sources, partic-

ularly if physical and chemical processing by bacteria and 

fungi have made these compounds accessible or more easily 

hydrolyzed (Barlocher and Kendrick 1974, 1975). Further 

study will be necessary to determine what components of the 

detrital substrate are utilized by£..... proteus. Such infor-

mation will help define the role of microbial colonizers and 

the means by which this species is able to obtain carbo-

hydrates beyond its metabolic needs for storage. Feeding 

preference behavior, either because of leaf species or con-

ditioning, is exhibited by£..... proteus for softer leaves. 

They are consumed at higher rates than harder leaves 

(Golladay et al. 1983). Thus, it may be a combination of 

behavioral and physiological adaptations that enable £..... 

proteus to acquire adequate nutrition from its detrital food 

base. 
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Table 1. Food habits of Pteronarcys proteus by cohort in Little Stony 
Creek. Numbers are percent composition of observed diet. 

Mo. Cohort Vascular Unrecognizable Periphyton Animal % Empty to 
(year class) plant detritus half full 

detritus 

June 1 92 8 7 
2 50 50 27 
3 88 8 <1 3 27 

July 1 81 12 7 
-2 56 34 33 
3 90 37 <1 1 53 

Aug 1 92 8 
2 72 25 2 <1 20 
3 83 Moss 13 4 60 

Sep 1 7 85 8 
2 58 40 <1 1 20 
3 86 13 1 20 

Oct 1 91 9 
2 70 30 <1 13 
3 85 14 <1 27 

Nov 1 9 79 12 
2 68 31 <1 
3 92 2 <1 6 

Dec 1 9 7 5 6 
2 64 24 <1 <1 
3 97 1 2 1 

Feb 1 <1 84 16 7 
2 51 48 <1 
3 86 24 <1 

Mar 1 8 80 12 
2 62 38 13 
3 37 22 Moss 40 <1 7 

Apr 1 80 20 7 
2 53 44 3 7 
3 6 Moss 92 <1 

May 1 79 21 
2 51 55 2 13 
3 100 
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Figure 1. Mean weekly temperatures calculated from mean daily 
temperatures in Little Stony Creek. 

Figure 2. Frequency distribution of head capsule widths of 
individuals present in collections. Width of bars 
represents percent size present within each cohort. 

Figure 3. Frequency distribution of dry weights of individ-
uals collected. Width of bars represents percent 
presence of weight size-classes on a cohort basis. 
Note that the scale for dry weight is logarithmic. 

Figure 4. Mean lipid content (± one standard deviation) as 
percent dry insect weight on a cohort basis; Cohort 
1 is the earliest cohort. 
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CHAPTER TWO 

BIOENERGETICS OF A LEAF-SHREDDING AQUATIC INSECT, 

PTERONARCYS PROTEUS (PLECOPTERA:PTERONARCYIDAE) 

Abstract 

Laboratory studies were conducted to measure the ener-

getic parameters of growth (G), respiration (R), ingestion 

(I), and egestion (E) for a leaf-shredding aquatic insect, 

Pteronarcys proteus (Plecoptera: Pteronarcyidae). The pa-

rameters were measured for each of three cohorts found in a 

stream population, and all were a function of nymphal size 

and temperature. Growth rates ranged from 0.031 to 0.0037 

mg mg- 1 day- 1 , with small nymphs growing fastest. Ingestion 

ranged from 5 to 40% of dry body weight per day. Respiration 

ranged from 330 to 980 µl 0 2 g- 1 hr- 1 • Respiration, 

ingestion, and growth were highest for smallest nymphs and 

decreased with increasing size of nymphs. Assimilation ef-

ficiencies also followed this pattern, except for female 

nymphs in which both ingestion and assimilation efficiencies 

did not decline. 

Total assimilation by a population of Pteronarcys 

proteus in a mountain stream was estimated at 119 kcal m- 2 , 

accounted for primarily by the two oldest cohorts present. 
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Energy flow was greatest at and after autumn leaf abcission 

and lowest after spring emergence of adults. Annual ener-

getics of the nytnphal population were: I= 906, G= 41, R= 78, 

and E= 828 kcal m- 2 • 

INTRODUCTION 

The trophic dynamics of stream ecosystems are thought 

to be chiefly maintained by detritus, either from 

allochthonous or autochthonous sources (e.g. Minshall 1967, 

1978, Kaushik and Hynes 1968, Godshalk and Wetzel 1978, 

Cummins 1974). In low-order woodland streams, the major 

source of detritus is autumnal leaf-fall (Fisher and Likens 

1973, Hornick et al. 1981) which provides both refugia and 

food resources for stream micro- and macroconsumers. Energy 

flow in these systems is initiated by microbial colonizers 

and then proceeds through macroinvertebrates that feed on the 

microbe-detritus complex (e.g. Kaushik and Hynes 1968, 1971, 

Petersen and Cummins 1974). General models for detritus 

processing in streams provided by Cummins (1974) and Cummins 

and Klug (1979) give large-particle detritus feeders, or 

shredders, prominent roles in the comminution of detritus to 

finer particles that, in turn, become the food resource for 

collector species. The manner which shredders utilize de-

trital energy is an important aspect of ecosystem function 

for which knowledge of energy flow by populations is a pre-

requisite. Quantitative studies concerning shredder feeding 

43 
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and energetics have focused on the insect orders Trichoptera 

(e.g. Grafius and Anderson 1979, Iversen 1979, 1980, Otto 

1974, 1975), Diptera (e.g. Hofsvang 1973), and Plecoptera 

(McDiffett 1970). 

My study concerns the energetics of a leaf-shredding 

stonefly, Pteronarcys proteus, which is found in low-order 

Appalachian mountain streams in the eastern U.S. Specific 

objectives were to 1) measure rates of ingestion (I), respi-

ration (R), and growth (G) for individuals in each of the age 

classes or cohorts present in a stream population, 2) deter-

mine the effect of temperature and size on these energetic 

parameters, and 3) use these relationships to estimate annual 

energy flow in a stream population. 

Pteronarcys proteus Newman (Plecoptera:Pteronarcyidae) 

is distributed from Quebec south to Virginia, and the genus, 

Pteronarcys, is wide-spread throughout North America 

(Claassen 1931, Hitchcock 1974). Morpho-behaviorally, nymphs 

are categorized as shredders (Merritt and Cummins 1984) and 

ingest primarily leaf detritus and occasionally small quan-

tities of moss and animal matter (Chapter 1). In southern 

Appalachian mountain streams Pteronarcys nymphs are generally 

most abundant in leaf and organic debris accumulations during 

autumn, winter, and spring. In summer when leaf packs are 

scarce, they tend to be found in organic debris under medium 

to large stones. Adults generally emerge in late spring 

(May) and mating, egg deposition, and death occur within one 
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to two weeks (Chapter 1). Eggs develop slowly and undergo a 

non-obligatory diapause until the following spring when tem-

perature increases and they hatch (Miller 1939). Nymphal 

life lasts for 3-4 years through 12 male instars and 13 fe-

male instars (Holdsworth 1941a, 194lb). 

MATERIALS AND METHODS 

Nymphs of £..... proteus were collected from Little Stony 

Creek, a third-order tributary of the New River in the ridge 

and valley province of Virginia. The stream flows for ap-

proximately 19.4 km over cobble and pebble substrate through 

a mixed deciduous forest. Collections for the experiments 

were made from October 1983 to August 1984. Nymphs were 

collected by a kick net with 550-µm mesh or 150-µm mesh when 

it was necessary to collect small instars. The insects were 

placed in stream water in insulated containers and returned 

to the laboratory. 

Three size-classes which represented three cohorts were 

selected for energetics measurements. They consisted of 

nymphs with approximately 1 year of growth, Cohort 1 (5-25 

mg dry weight), 2 years of growth, Cohort 2 (40-70 mg), and 

mature nymphs with just less than 3 years of growth, Cohort 

3, which was further divided into male (90-130 mg) and female 

(180-250 mg) groups. 

Nymphs were held in plastic chambers containing nylon 

mesh for substrate under continuous aeration in a temperature 
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and photoperiod-controlled incubator. During the exper-

iments, insects were held for up to 3 months with very low 

mortality. 

Food used for measurements of growth and ingestion rates 

consisted of red maple leaves (Acer rubrum), commonly found 

along Little Stony Creek. Sufficient leaves for the entire 

experiment were collected in autumn and placed in Little 

Stony Creek in mesh bags for 4 weeks. After removal from the 

stream, the leaves were rinsed and frozen. Before use in an 

experiment, leaves were soaked in aerated stream water for 

one week at 10° C, then pieces (2-10 cm 2 ) were cut from the 

blades, avoiding the larger veins. 

Growth and Ingestion 

Growth was measured by weighing nymphs that had been 

carefully blotted of excess water. Weights were taken at the 

beginning and end of experimental periods (28-85 days), which 

were conducted at 5°, 10°, and 20° C. On completion of an 

experiment, insects were sacrificed by freezing and weighed 

wet. They were then dried at 50° C for 24-48 hr to obtain 

dry weights and water correction factors for calculating dry 

weight equivalents. Relative growth rates (RGR) were calcu-

lated as increase in dry weight per insect dry weight per 

day. 

Ingestion rates were determined by gravimetric measure-

ments of food before and after feeding trials. Leaf material 
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to be used as food was pressed between filter paper, subsam-

pled by removing a strip along one side, weighed wet, and put 

into the experimental cages. Subsamples were weighed, dried, 

re-weighed, and ashed at 550° C for one hr for determining a 

wet weight/AFDW ratio. At the end of an experiment, remain-

ing food was removed, blotted, weighed, dried, and ashed for 

AFDW determinations. Ingestion (I) was estimated as the 

difference between initial and final amount of leaf material 

minus orts (see below). To correct for losses because of 

leaching and microbial decomposition, cages with leaves but 

no insects served as controls in each experimental series. 

The entire procedure was repeated four to seven times at 

temperatures of 5°, 10°, and 20° C. Measurements of 

ingestion rates of small nymphs were made using groups of 

five or more nymphs, then calculated as the mean ingestion 

rate for the mean individual weight. Only nymphs which were 

actively feeding were used in the experiments. At the con-

clusion of an experiment, insects were dried and weighed as 

described above. 

The presence of chewed but uningested food particles 

were difficult to distinguish from feces and required a cor-

rection for orts, which was measured in the following way. 

Starved nymphs were fed a measured amount of food for 2-4 

hours, then the food was removed before gut passage time. 

Water in the feeding chamber was filtered to collect and 

measure orts, and the remaining food was quantified, from 
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which a ratio of orts:food was calculated. Smaller nymphs 

(<30 mg) fed by scraping, and their fecal pellets were 

clearly separable from orts. 

Respiration 

Respiration rates were measured using a Gilson differ-

ential respirometer. Nymphs were collected from the stream 

when mean daily water temperatures were near desired exper-

imental temperatures and were acclimated to test conditions 

for at least 48 hours before measurements. Nymphs were 

tested either in groups (smaller instars) or individually in 

flasks containing stream water and a Nitex screen substrate. 

Measurements lasted from 2 to 12 hours, depending on temper-

ature and nymphal size. Flasks were shaken at a moderate 

rate (SO cpm) to simulate water movement and held under re-

duced lighting. After several trials at the experimental 

temperatures, insects were sacrificed, dried at 50° C, and 

weighed. 

RESULTS AND DISCUSSION 

Growth 

Mean relative growth rates (mg/mg/day) measured for ~ 

proteus (Table 1) were within the range of those measured in 

a natural population, 0.0083-0.0183 (Chapter 3) and represent 

growth rates since they are measured with an unlimited food 

supply. In general, RGR's were low compared to a mean RGR 
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of 0.040 reported for a survey of 36 species of aquatic 

detritivores (Slansky and Scriber 1982). However, a low RGR 

seems reasonable for a merovoltine detritivore like ~ 

proteus. 

Growth rates for 2nd- and 3rd-instar nymphs obtained 

from laboratory cultures were included in this study to pro-

vide growth rates of newly hatched insects which were only 

rarely present in field collections. This group had the 

highest RGR, and RGR generally declined with increasing in-

sect size (Table 1). RGR also increased with increasing 

temperature, except for Cohorts 1 and 2. There were no sig-

nificant differences between the means for 5° and 10° for 

either the 10- or the 50-mg size classes of Cohorts 1 and 2, 

so data were pooled to provide a common mean for RGR at both 

temperatures. 

Relative increase in RGR was not the same between ex-

perimental temperatures, particularly for the largest size 

class, Cohort 3. The increase of RGR per 0 c between 10° and 

20° for both sexes was smaller than between 5° and 10°. The 

disproportionate increase in growth rate was probably related 

to metabolic costs at higher temperatures, which reduced the 

energy available for growth (c.f. Vannote and Sweeney 1980). 

Respiration 

Respiration was dependant on temperature and size of the 

individual (Figure 1). There was a linear relationship be-
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tween the log of the individual weight (X) and the log of 

oxygen consumption (Y) at each of the experimental temper-

atures (Figure 1), which may be expressed as: 

log Y = (b)log X + a 

Least-squares regression analyses provided the coefficients 

for the relationships presented in Table 2, which are in the 

more commonly used form of: 

as suggested by Brody (1945) and Bertalanffy (1957). Analy-

sis of covariance showed that there were no differences among 

the slopes at different temperatures, so a mean coefficient 

of b= 0.753 for the body size exponent Xb was used. This 

coefficient has been commonly observed to be in a range of 

0.7 to 0.8 in other studies of stoneflies (McDiffett 1970, 

Poole 1981) and other insects (e.g. Smalley 1960, Wiegert 

1965, Edwards 1958, Reichle 1967). As expected, metabolic 

rate per unit weight decreased as nymphal size increased. 

In comparison to members of the same genus, 0 2 consumption 

rates at 10° C for~ proteus (300 µl/gjhr, 100 mg dry weight) 

were slightly lower than for ~ scotti (380 µl/gjhr, 100 mg; 

McDiffett 1970), and~ californica (378-443 µl g- 1 day- 1 , 

Poole 1981; 100-200 µl g- 1 day- 1 , Knight and Gaufin 1966). 

A Q10 for~ proteus was calculated according to the 

equation described by Schmidt-Nielsen (1975): 
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where R1 and R2 are rates of 0 2 consumption at temperatures 

T1 and T2 , respectively. Q10 for average respiration rates 

between 5° and 10° C was 1.44 and was 2.34 between 10° and 

20° C. Similar values were observed for Pteronarcys 

californica by Knight and Gaufin (1966), but higher values 

(2 to 3x) were reported for the same species by Poole (1981). 

Using reported respiration rates for ~ scotti (McDiffett 

1970) Q10 was 1.45-1.5 for temperatures between 5°-10° and 

10°-15°. 

Q10 indicates the magnitude of the change in metabolic 

rates which result from temperature changes. It may also 

provide a measure of the degree to·which an organism toler-

ates or compensates for temperature effects (Schmidt-Nielsen 

1979, Hochachka and Somero 1973). When maintenance 

metabolism at higher temperatures is the same as at lower 

temperatures, Q10 = 1.0. · Q10 deviates from unity as stress 

on metabolic homeostasis increases, which suggests organisms 

are less able to compensate for temperature effects {Rao and 

Bullock 1954, Schmidt-Nielsen 1975). The results suggest 

that ~ proteus does not compensate for higher temperatures 

very well and that the change from 10° to 20° caused the 

greatest metabolic displacement. Temperatures approaching 

20° C may be suboptimal and incur a disproportionate 

metabolic cost to the insect compared to adjustments made at 

lower temperatures. A temperature of 20° C was reported as 

suboptimal for Pteronarcys dorsata reared in the laboratory, 
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resulting in reduced emergence success, fecundity, and life 

span (Nebeker 1971). 

Ingestion 

Ingestion rates were dependent on both insect size and 

temperature (Figure 2). Regression analyses were used to 

determine the coefficients for the relationship between size 

and ingestion at each experimental temperature (Table 2). 

Relative ingestion rates, expressed as percent dry body 

weight/day ranged between 3.4-21.4% at 5° C, 6.1-28.2% at 10° 

C, and 9.1-33.4% at 20° C. Similar values were calculated 

for ~ scotti from egestion rates reported by McDiff ett 

(1970), but were low compared to ingestion rates of 27% to 

61%, reported for~ californica (Poole 1981). 

Laboratory measurements of ingestion rates may be mis-

leading because feeding preference may alter consumption 

rates (e.g. Wallace et al. 1970, Kaushik and Hynes 1971, 

Arsuffi and Suberkropp 1983). When stream-conditioned 

dogwood leaves (Cornus florida) were used as food, consump-

tion by~ proteus increased 2.5 to 3.1 times over that re-

ported here (unpub. data). Length of conditioning time as 

well as leaf species may also affect ingestion rates by ~ 

proteus (Golladay et al. 1983). 

Energetics Budget 

From the data presented in Tables 1 and 2, an energy 

budget was constructed for insects of different sizes re-

presenting Cohorts 1, 2, 3-male, and 3-female (Table 3). The 
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budgets were estimated on a mass basis followed by caloric 

conversion. The basic equation, I= G+R+E, relates the 

utilization of ingested energy by the organism, where: 

I= energy content of ingested materials 

G= energy incorporated into biomass as growth 

R= energy in metabolic costs, as respiration 

E= energy content of egested material 

The budget does not account for molted exoskeletons, but 

other losses such as release of dissolved organic matter or 

intestinal secretions were assumed to be included with 

egestion. Energy lost through excretion was not estimated. 

Excretion as ammonia was measured for £...,. californica by Poole 

(1981) as 0.08 mg/g insect/day, which represents <1% of the 

calculated egesta for a £...,. proteus nymph weighing 100 mg. 

Data from Table 3 were used to calculate relative rates 

(mg/mg/day) and efficiencies (Waldbauer 1968): 

AD= (I-E)/I, assimilation efficiency (approximate 

digestibility) 

ECD = G/(I-E), net growth efficiency (efficiency of 

conversion of digested food) 

ECI = G/I, gross growth efficiency (efficiency of con-

version of ingested food) 

The results provide general performance characteristics for 

comparisons between cohorts of£...,. proteus (Table 4). In 

general, rates and efficiencies were inversely related to 

size or age among Cohorts 1, 2, and 3-male. Changes in growth 
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patterns observed for ~ proteus were similar to those sum-

marized for insects by Waldbauer (1968) and Scriber and 

Slansky (1981). The general pattern is one in which RGR, 

RCR, and AD tend to decline from early to late instars and 

net growth efficiency (ECD) tends to increase and gross 

growth efficiency may increase, decrease, or remain the same. 

Cohort 3 was an exception in which rates and efficiencies for 

female nymphs were similar to those of Cohort 2 and higher 

than those of Cohort 3-males. The physiological and ecolog-

ical factors regulating these generally occurring patterns 

of growth-related variables are essentially unknown (Scriber 

and Slansky 1981). 

Performance and efficiency differences between sexes of 

Cohorts 1 and 2 were not measured but may not be great because 

significant size differences between the sexes in a stream 

population were not present until well into the second year 

of growth (Chapter 1). Females of£.... proteus grow to almost 

twice the size of males (Chapter 1) because of both higher 

ingestion rates and greater efficiencies. Such sexual 

dimorphism in size is a feature of other insect species (e.g. 

Pritchard 1976, Svensson 1977, Sweeney 1978, Clifford et. al. 

1979, Patterson and Vannote 1979, Butler 1982, Poole 1981, 

McDiffett 1970). Calow (1981) suggested that males optimize 

and females maximize their use of food resources (see Butler 

1984 for discussion). This may be the case for~ proteus, 

since mature female nymphs fed more continuously and were not 
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as selective among different food types as mature male nymphs 

under laboratory conditions. 

Mean efficiency values for ~ proteus fell within the 

ranges reported for other species of Pteronarcys (McDiffett 

1970, Poole 1981). In general, efficiencies for~ proteus 

were lower than mean values reported for detritivores by 

Slansky and Scriber (1982) (Table 4). Lower AD and EC! may 

be a result of many ecological factors, two of which are a 

poor quality food source and/or allelochemicals. Lower ECD 

in ~ proteus may be more related to the intrinsic ability 

of this species to convert assimilated food into biomass. 

RCR may appear low because of the large size of ~ proteus, 

even though ac.tual rates of consumption (and growth) may be 

substantial. 

Population Bioenergetics 

Population dynamics of ~ proteus in Little Stony Creek 

were measured in a concurrent study (Chapter 3), from which 

measurements were used to calculate population bioenergetics. 

To estimate energy flow in the population, respiration and 

ingestion were calculated for an "average" nymph in each of 

the cohorts for the 12 sample intervals during the study. 

The population density for each cohort (Figure 3) was then 

used to calculate the population value of ingestion and res-

piration for each interval. Respiration was calculated using 

the relationships between temperature and nymph size measured 



56 

in the laboratory (Table 2). Field measurements of nymph 

size and growth were used to estimate nymph size on a daily 

basis through each sample interval. Size and stream temper-

ature were then used in the equations (Table 2) to calculate 

respiration as a function of temperature and size. 

An estimate of ingestion as a function of temperature 

and size (Table 2) was calculated in a similar manner. Since 

the relationship between ingestion rate, nymph size, and 

stream temperature were measured under unlimited food condi-

tion in the lab, ingestion calculated in this manner was 

considered "potential" ingestion. A more realistic estimate 

was calculated from assimilation (G+R) and AD as a function 

of temperature (Table 4). Egestion (E) was then calculated 

as the difference between ingestion (I) and assimilation. 

Daily estimates of I, R, G, and E were summed for a 

sample interval and converted to population values using mean 

nymph densities. The interval values were then summed for 

annual estimates (Table 5). Conversion factors for mass to 

calories were: 

Respiration - 0.0049 cal µ1- 1 02, assumed RQ of 0.88 

(Brody 1945) 

Ingestion - 4.94 cal mg- 1 AFDW (McDiffett 1970) 

Biomass - 5 .. 30 cal mg- 1 dry weight (McDiffett 1970) 

On a population basis, ingestion was estimated to be 906 

kcal m- 2 yr- 1 for I:.:_ proteus in Little Stony Creek, of which 

4.5% was used for growth and 8.7% for respiration (Table 5). 
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Most of the energy flow (G+R, or assimilation), 119 kcal m- 2 

yr- 1 , was through the 2nd and 3rd cohorts (41 and 55% re-

spectively). 

Population estimates in Table 5 are sensitive to field 

data (i.e. accuracy of population density and weight data) 

and estimates of assimilation efficiency, since I (and E) 

were calculated from AD. Only one species of leaf (red 

maple) in one state of conditioning was used to determine the 

relationship between AD and temperature, while a variety of 

leaf species are present in Little Stony Creek. Assuming 

that softer leaf species would be consumed first because of 

preference behavior, ingestion at and shortly after leaf-fall 

is probably underestimated. Red maple leaves are not common 

in leaf packs after February when leaf species with slower 

rates of decomposition and processing (e.g. oak) predominate. 

Thus ingestion may be overestimated for the three sample pe-

riods after February, which may mitigate prior underestimates 

of ingestion. 

Estimates for growth, on the other hand, are conserva-

tive since they do not include exuvia, which may account for 

6-12% of production (McDiffett 1970, Poole 1981) in this 

genus. Respiration estimates are also probably conservative, 

since rates were measured with nymphs in a resting state. 

Under natural stream conditions, additional energy is proba-

bly required for food searches, particularly since food is 



58 

patchy for shredders. Thus assimilation, the sum of G and 

R, may be considered a conservative estimate. 

Rate of assimilation or energy flow in a population de-

pends on the complex interaction of several functions, the 

most important of which include temperature regime, popu-

lation dynamics, and food availability. The pattern of en-

ergy flow for £...... proteus in Little Stony Creek (Figure 4) 

indicates the importance of annual leaf-fall. Peak ingestion 

and assimilation occur during and after the fall input of 

leaves. Also during that time, the greatest proportion of 

assimilated energy is accounted for by growth, probably be-

cause of reduced metabolic costs at lower temperatures. 

Population density and the timing of life cycle events also 

influence assimilation rates. The density of nymphs of 

Cohorts 2 and 3, which accounted for the most assimilation, 

directly influenced the pattern of energy flow in Figure 4. 

Loss of emerging nymphs of Cohort 3 in May and June resulted 

in the lowest population assimilation rates for the study 

period (Figure 4, Population). Limited availability of CPOM 

during spring (Chapter 3) was also a factor which generally 

reduced energy flow. Estimates of potential ingestion, gen-

erally higher that those of actual ingestion during the study 

(Figure 4), were particularly high after March. 

The assimilation of 119 kcal m- 2 of energy by£...... proteus 

represents a substantial amount of primary consumption com-

pared to other shredder populations for which estimates are 
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available. In a study of a caddisfly (Trichoptera) popu-

lation, assimilation was estimated to be about 10 kcal m- 2 

yr- 1 (Otto 1975). Assimilation by an insect more closely 

related to ~ proteus, the salt marsh grasshopper 

(Orthoptera), was reported as 29.4 g m- 2 yr- 1 (Smalley 1960). 

The role of shredders in stream ecosystems has been well-

reviewed (e.g. Cummins and Klug 1979), but a quantitative 

assessment of energy flow in populations provides a needed 

dimension in relating energetics needs and limitations of a 

species to ecological factors such as temperature and food. 

The present study suggests that energetics of I:.... proteus were 

influenced by the food supply and the life cycle. In a 

broader sense, energy flow in a population may be considered 

a measure of the relative success of a species in a partic-

ular habitat. Ultimately, utilization of available energy 

by a population is the means by which genetic information is 

transmitted, and it is in this context that comparisons 

should be made. 
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Table 1. Relative growth rates as mg dry weight gain per mg dry insect 
weight per day calculated for size classes grown at three temperatures. 
Values in () are standard deviation and number of measurements. 

Newly (male) (female) 
Hatched Cohort 1 Cohort 2 Cohort 3 Cohort 3 

50 0.0076 0.0047 0.0027 0.0037 
(0.0084;18) (0.0045;28) (0.0020;14) (0.0026;16) 

10° 0.0076 0.0047 0.0040 0.0049 
(0.0084;18) (0.0045;28) ( 0. 0029; 11) ( o. 0038; 12) 

20° 0.031 0.0173 0. 0115 0.0056 0.0068 
(0.013;54) ( 0. 0078; 17) ( 0. 0049; 17) (0.0048;14) (0.0063;19) 
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Table 2. Relationships between insect weight and respiration 
and ingestion for three temperatures graphed in Figures 2 and 
3. Calculated ingestion or respiration, Y, is expressed as 
a power function of body size, X, (dry weight): Y=aXb. R is 
the Pearson correlation coefficient for the regression of log 
transformed data (Figures 2 and 3). 

Temperature R 

Ingestion (mg AFDW/insect/day) 

50 y = O.l86(X)0. 79 0.946 

10° y = 0.129(X)0· 98 0.923 

20° y = 0.63l(X)0. 73 0.968 

Respiration (µl/insect/day) 

50 y = 0.780(X)0. 7S3 0.988 

10° y = 0.938(X)0. 7S3 0.969 

20° y = 2.198(X)0. 7S3 0.987 
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Tabla 3. Summary anargatic budgets for f..:. proteus at three tamparaturas calculated 
for sizes representing thraa cohorts. Coefficient of variation is given in parantha-
sis. 

Size class/Temp I = G + R + E 

.!Q...mg 
5 1.15 mg 0.076 mg 106 ul 0.887 mg 

5.68 cal 0.40 cal 0.52 cal 4.76 cal 
( 110) ( 110) 112) 

10 1.23 mg 0.076 mg 127.5 ul 0.930 mg 
6.08 cal 0.40 cal 0.62 cal 5.06 cal 
(25) ( 110) 110) 

20 3.39 mg 0.173 mg 298.7 ul 2.691 mg 
16.7 cal 0.92 cal 1.46 cal 14.37 cal 
(40) (451 110) 

filL!!!9 
5 4.09 mg 0.235 mg 356.1 ul 3.228 mg 

20.2 cal 1.24 cal l. 74 cal 17.22 cal 
115) ( 95) 115) 

10 5.95 mg 0.235 mg 428.3 ul 4.961 mg 
29.4 cal 1.24 cal 2.10 cal 26.06 cal 
( 25) (981 ( 26) 

20 10.97 mg 0.575 mg 1,004 ul 8.628 mg 
54.1 cal 3.04 cal 4.92 cal 46.14 cal 
( 60) (431 ( 26) 

100 !!!91 Mala 
5 7.08 mg 0.27 mg 600 ul 5.754 mg 

35.0 cal 1.43 cal 2.94 cal 30.64 cal 
(55) ( 74) ( 20) 

10 11.75 mg 0.40 mg 721 ul 10.081 mg 
58.0 cal 2.12 cal 3.5 cal 52.38 cal 
(821 (731 (29) 

20 18.2 mg 0.56 mg 1691 ul 14.664 mg 
90.0 cal 2.96 cal 8.28 cal 78.65 cal 
(61) (861 1121 

200 !!!91 Female 
5 12.2 mg 0.74 mg 1,011 ul 9.681 mg 

60.4 cal 3.92 cal 4.95 cal 51.40 cal 
155) (701 (22) 

10 23.2 mg 0.98 mg 1216 ul 20.080 mg 
114.6 cal 5.2 cal 5.96 cal 103.46 cal 
( 110) ( 76) 1101 

20 30.1 mg 1.36 mg 2850 ul 23.72 mg 
148.7 cal 7.2 cal 14.0 cal 127.52 cal 
(72) ( 91) 113) 
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Table 4. Summary of relative bioenergetic rates (mg/mg/day) 
and efficiences (percent) for I:.... 

Cohort/ Temp RGR 1 

Weight oc 
Year 1 50 0.0076 
10 mg 10° 0.0076 

20° 0.0173 

Year 2 50 0.0047 
50 mg 10° 0.0047 

20° 0.0115 

Year 3 50 0.0027 
100 mg male 10° 0.0040 

20° 0.0056 

200 mg female 50 0.0037 
10° 0.0049 
20° 0.0068 

Mean 0.0068 

Survey summary, 
N=36 species; 0.04 

Slansky and 
Scriber 1982 

1 Relative growth rate 
2 Relative consumption rate 
3 Assimilation efficiency 
4 Net growth efficiency 
5 Gross growth efficiency 

:g~Qteus. 

RCR 2 AD3 ECD 4 ECI 5 

0.115 16.2 43.7 7.1 
0.123 16.9 39.2 6.6 
0.339 14.2 38.5 5.4 

0.082 14.8 41.6 6.2 
0.119 11.4 37.2 4.2 
0.219 12.5 32.7 5.6 

0.071 12. 5 32.7 4.1 
0.118 9.7 37.5 3.6 
0.182 12.5 26.4 3.3 

0.061 14.7 44.2 6.5 
0.116 9.7 46.6 4.5 
0.151 14.2 34.0 4.8 

0.141 13.5 38.3 5.2 

0.53 40.0 48.0 13.0 
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Table 5. Annual population energetics (kcal m- 2 ) for~ 
proteus in Little Stony Creek. Totals represent life cycle 
totals calculated for sexes using one-half Cohort 1 values. 

Cohort Ingestion Growth Respiration Egestion 

1 39.321 2.387 3.937 33.00 

2 Female 183.078 9.541 16.141 157.400 

3 Female 285.698 14.165 22.822 248.700 

Total 488.426 24.990 40.9309 422.506 

2 Male 156.939 6.9047 15.113 134.922 

3 Male 240.930 7.652 20.336 212.943 

Total 417.530 15.750 37.418 364.362 

Total 905.956 40.740 78.348 827.612 
(both sexes) 



69 

List of Figures 

Figure 1. Individual respiration rates by nymphs at three 
temperatures. 

Figure 2. Individual ingestion rates of stream conditioned 
red maple leaf by nymphs at three temperatures. 

Figure 3. Population dynamics of~ proteus in Little Stony 
Creek. 

Figure 4. Population energetics of ~ proteus in Little Stony 
Creek during the study period. Assimilation is 
the sum of growth and respiration, while the dif-
ference between growth and assimilation in the 
figure represents respiration. 
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CHAPTER THREE 

GROWTH AND PRODUCTION OE A LEAF-SHREDDING AQUATIC INSECT 

IN AN APPALACHIAN MOUNTAIN STREAM. 

:Abstract 

Annual production of three coexisting cohorts of a 

merovoltine stonefly, Pteronarcys proteus, was 0.438 g m- 2 , 

3.158 g m- 2 , and 4.182 g -2 m I with the youngest cohort con-

tributing the smallest. Mean nymphal densities in the 

cohorts ranged from 23.8 to 9.3 nymphs m- 2 , and mean standing 

stock biomass ranged from 0.143 to 1.790 g m- 2 Mean relative 

growth rates (RGR) were greatest for smallest nymphs and 

ranged from 0.939 to 0.182 percent increase per day. Corre-

lations between temperature and RGR were not significant ex-

cept for the youngest cohort, when growth rates were highest 

during warmer temperatures. Larger nymphs, however, grew 

fastest after leaf-fall when temperatures were colder. The 

data indicate that growth rates of small nymphs were influ-

enced by temperature and growth rates of larger nymphs were 

affected by food supply. Simulation of growth of nymphs un-

der food unlimited conditions supported this conclusion. It 
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was estimated that .f..c.. proteus consumed 41-61% of the 

litterfall in the study stream. 

INTRODUCTION 

The comminution of allochthonous detritus in woodland 

streams is largely attributable to the feeding activities of 

a group of macroinvertebrates known collectively as 

"shredders" (Cummins 1973). By processing large-particle 

detritus, shredders facilitate energy flow in streams through 

the direct conversion of detrital energy into shredder 

biomass and by the production of fine particulate organic 

matter (FPOM). The factors that control or limit secondary 

production include those that regulate the size of the 

standing crop and those that influence growth rates or rate 

of biomass accrual (reviewed by Benke 1984). Food, temper-

ature, and their interaction are often-cited factors con-

trolling growth rates of aquatic detritivores (e.g. Anderson 

and Sedell 1979, Anderson and Cummins 1979, Cummins and Klug 

1979, Wallace and Merritt 1980). 

Production of FPOM is also under the influence of the 

thermal regime and food supply. FPOM derived from shredder 

feeding serves as food for deposit and filter feeders 

(Anderson and Sedell 1979, Cummins and Klug 1979), and it may 

be more important to stream ecosystems than the biomass 

shredders contribute. O'Hop et al. (1984) estimated that 

feces produced by the stonefly, Peltoperla maria, in an 
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Appalachian mountain stream was 20x its biomass production. 

Grafius and Anderson (1979) estimated FPOM production by two 

species of Lepidostoma (Trichoptera) to be SOx their biomass 

production. A similar ratio (48x) can be calculated for an-

other caddisfly, Sericostoma personatum, using production and 

egestion data measured in two Danish streams (Iversen 1973). 

Nymphs of the stonefly family, Pteronarcyidae (Plecop-

tera), are conspicuous members of the "shredder" functional 

group of aquatic insects (Merritt and Cummins 1984). Their 

role as processors of organic detritus has been established 

in other studies (McDiffett 1970, Cummins et al. 1973, Short 

and Maslin 1977). In Appalachian mountain streams of the 

eastern U.S., Pteronarcys proteus Newman (Plecoptera: 

Pteronarcyidae) is a common member of the shredder group 

processing autumn-shed leaves (Benfield and Webster 1985). 

Nymphs are present throughout the year in low-order streams 

because of a 3-year nymphal life cycle (Holdsworth 1941, 

Chapter 1). 

The objectives of my study were to measure the growth 

of~ proteus in relation.to temperature and food supply and 

to estimate secondary production. Another objective was to 

estimate the fraction of annual leaf-fall that was processed 

by a ~ proteus population in the study area. 

Study Area 

The study was conducted in a riffle section of Little 

Stony Creek, a third-order tributary of the New River in the 
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ridge and valley province of Virginia. The stream originates 

from springs in Clinch sandstones of Silurian age and flows 

for approximately 19.4 km through a mixed deciduous forest. 

A sampling site (elevation 612 m) was established in a 500-m 

reach 8.2 km from the confluence with New River near the town 

of Pembroke (Giles County), Virginia. Riparian trees along 

the reach included maple (Acer rubrum L., Acer saccharum 

Marsh.), white oak (Ouercus alba L.), dogwood (Cornus florida 

L.), birch (Betula lenta L.), American sycamore (Platanus 

occidentalis L.), and poplar (Populus deltoides Marsh.). 

Stream width in the study varied from 2 to 6 m and depth 

varied from 5 to 26 cm. Substrate consisted primarily of 

boulder (256-768 mm) and cobble 64-256 mm) with some pebble 

(16-64 mm). 

METHODS 

Field Collections 

Nymphs were collected approximately monthly from May 

1983 to July 1984 using a 1/4-m2 metal frame fitted with a 

350-µm mesh net trailing downstream. A 150-µm mesh net was 

used during summer to ensure capture of the smallest instars. 

At least four samples were taken, and often more (maximum of 

16) to ensure capture of an adequate number of nymphs in all 

cohorts. Nymphs collected were stored frozen until measure-

ments of head capsule width, wet weight, and dry weight (24 

hr, 50° C) were made. Sex was also determined for larger 
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nymphs. Nymphs were separated into three cohorts using data 

from a concurrent life history study (Chapter 1). The age-

classes included nymphs with less than one year of growth 

(Cohort 1), less than two years of growth (Cohort 2), and 

less than three years of growth (Cohort 3). 

Standing crop of benthic particulate organic matter was 

surveyed using random sampling of riffle areas with a 150-µm 

mesh net and 1/4-m frame. Three samples were taken approxi-

mately monthly, and material collected was separated into 

four categories: 1) Fine (<150-600 µm), 2) Medium (0.6 mm-1 

cm), 3) Coarse (>l cm), and 4) wood (sticks, nuts, and bark). 

After sorting and removal of animals, samples were oven dried 

at 50° C, weighed, and subsampled for determination of ash-

free dry weight (550° C for one hr). 

Production Calculation 

Because ~ proteus has a three-year nymphal life cycle 

in Little Stony Creek, (Chapter 1), a single cohort could not 

be followed through a complete life cycle during the 1-year 

study. I treated members of the three overlapping cohorts 

as a single cohort and assumed their density, growth, and 

mortality was typical for one cohort during a life cycle, an 

assumption made in other similar studies (Waters 1969). 

Production was calculated by: 

p = G*B 
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where P= production (g m- 2 ) for a sample interval, G= in-

stantaneous growth rate, and B= mean standing crop (g m- 2 ) 

during the interval (Chapman 1968, Waters and Crawford 1973). 

Calculations were made separately for each interval between 

sampling dates for one year and summed for annual cohort 

production. Cohorts 2 and 3 were further separated into male 

and female groups. The growth rate over the interval was 

calculated as: 

G = ln (Wt /W0 ) 

where Wt= dry weight at the end of an interval, and W0 = dry 

weight at the beginning of an interval. Mean standing crop, 

B, was calculated as the average of the standing crop at the 

beginning and end of an interval. 

Simulation of Growth 

In order to examine the influence of food supply on 

growth rates, a simple model was used to simulate growth of 

.f..... proteus in Little Stony Creek based upon temperature. The 

relationships between water temperature, nymph weight, and 

cohort described in Chapter 2 were used. Initial weight at 

the beginning of the simulation for each cohort consisted of 

the mean dry weight of nymphs measured in June samples. 

Since growth was measured in the laboratory with unlimited 

food availability, calculations of growth in this manner as-

sume no effect due to food limitation, providing a simulated 
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growth response by£.... proteus in Little Stony Creek to stream 

temperature without the influence of food quantity. 

RESULTS AND DISCUSSION 

Growth 

Dry weight data for each cohort/sex (Figure 1) were used 

to calculate relative growth rate (RGR) as percent daily 

weight gain: 

RGR = G/interval x 100 

Mean RGR varied from 0.939 (Cohort 1) to 0.168 (Cohort 3, 

female) (Table 1), with the expected decline of RGR with 

size. In general, RGR was low compared to other aquatic in-

sects (Slansky and Scriber 1982). 

There was no significant correlation (p<0.05) between 

RGR and mean daily temperature, nor between RGR and summed 

(accumulated) degree-days for the population as a whole. The 

lack of correlation was also true for the RGR of each 

cohort/sex and mean daily temperature or degree-days, except 

for Cohort l, which was significant (p<0.05). Laboratory 

studies with£.... proteus demonstrated that when provided ample 

food, RGR increased in a predictable manner with temperature 

(Chapter 2). This relationship was observed only for Cohort 

1 in the stream population, which indicates that some other 

factor influenced growth rates of the other two cohorts. 

Temperature in Little Stony Creek began to increase in March 

(Figure 2) at a time when benthic particulate organic matter 



81 

(POM) was near its annual minimum (Figure 3). The lack of 

growth response to temperature by larger nymphs suggests that 

food may have been limiting. 

Simulations of growth of £.... proteus support the conclu-

sion that growth of Cohorts 2 and 3 were food limited, par-

ticularly during summer months (Figure 4). Simulated nymphal 

sizes for Cohort 1 (Year 1, Figure 4) are not very much dif-

ferent from measured sizes for most of the study period. 

However, divergence between simulated and measured sizes oc-

curred early in the study period for both sexes of Cohorts 2 

and 3. Simulated sizes are greater, and curves resulting 

from the progression of temperature-dependent growth are much 

smoother than curves resulting from measured growth (Figure 

4). Although mean temperatures were highest in August and 

September (Figure 2), RGR for Cohorts 2 and 3 were lowest for 

that period (Table 1). The highest RGR for Cohorts 2-male, 

3-male, and 3-female occurred after leaf-fall when temper-

atures were low and large-particle benthic POM was more 

abundant. The highest rate of growth for smaller nymphs, 

cohorts 1 and 2-male, however, were measured in May and June, 

when stream temperatures were rising and CPOM was not abun-

dant. These observations suggest that temperatures influ-

enced growth of Cohorts 1 and 2-male more than the leaf 

detritus availability. Since growth rates increased after 

leaf-fall for larger nymphs and during spring for the smaller 

nymphs the data indicate that water temperature was an im-
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portant factor determining growth of small nymphs, while food 

supply was an important factor for growth of large nymphs. 

Water temperature is often cited as a major factor influenc-

ing growth rate in stoneflies (e.g. Hynes 1961, Svensson 

1966, Elliot 1967, Heiman and Knight 1975, Baeken 1981, 

Brittain 1983). Food quality and quantity have also been 

shown to be important aspects of the ecology of aquatic in-

sect detritivores (Anderson and Sedell 1979, Anderson and 

Cummins 1979, Cummins and Klug 1979, Wallace and Merritt 

1980), and under conditions of adequate food supply temper-

ature would be expected to act as a primary influence on 

growth rates. 

It is reasonable to assume that large nymphs relied more 

on LPOM (large particulate organic matter) which was seasonal 

in availability, than small nymphs, which relied on smaller-

sized POM that was in more constant supply (Figure 3). This 

leads to the conclusion that smaller nymphs are more directly 

under the influence of the thermal regime until they reach a 

certain size. Then food supply becomes more important be-

cause of the requirement for LPOM. 

Production 

Mean annual densities were largest for Cohort 1 and smallest 

for Cohort 3, as expected, and Cohort 3 also had the largest 

average standing crop (Table 2). Annual mean standing crop, 

or biomass, for the population was 2.8 g m- 2 (Table 2). An-
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nual production was estimated to be 7.8 g m- 2 , the majority 

of which was contributed by Cohort 3 (53.7%), followed by 

Cohort 2 ( 40. 6%). Production and biomass estimates were much 

higher than those in other studies of aquatic detritivores 

(Table 3), except for those of Pteronarcys californica, which 

were much higher in the Provo River, Utah (Poole 1981). 

The magnitude of production of ~ proteus indicates that 

this species is well-adapted for utilizing vascular plant 

detritus within the food and temperature regimes found in 

Little Stony Creek. From an energetics standpoint, ~ 

proteus is not much different from other shredders in terms 

of efficiencies or rates of growth, and it relies primarily 

on leaf detritus for nutrition (Chapter 1). The large size 

it attains is exceptional, and size may confer advantages 

that are ultimately reflected in production. Larger size may 

enhance the ability to forage at a distance in a 'patchy' 

food environment, and size probably facilitates mechanical 

digestion (shredding) of leaf detritus. Supply of CPOM is 

not constant, and size may give ~ proteus a competitive ad-

vantage over coexisting shredder species. In a food limited 

habitat, there is an advantage to having the ability to 

process large quantities of food when it is available. 

Although the production estimate for ~ proteus appears 

high compared to other stream shredders (Table 3), it is not 

particularly high compared to production estimates reported 

for non-shredding detritivores in other habitats. These 
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range as high as >25 g m- 2 for Trichoptera (Cudney and 

Wallace 1980, Benke et al. 1984) and >25 g m- 2 for Diptera 

(Mackey 1977, Benke et al. 1984). 

The estimate of 7.8 g m- 2 , however, is in the moderate 

to high range when compared to community production estimates 

in some other lotic habitats. Neves (1979) measured an an-

nual macroinvertebrate production of 5 g m- 2 in a second-

order Massachusetts woodland stream. Kreuger and Waters 

(1983) reported .estimates of 6, 7, and 22 g m- 2 in three 

first-order streams in Minnesota. Another high estimate of 

22 g m- 2 AFDW was reported for a small Danish spring 

(Mortensen and Simonsen 1983). In river habitats, community 

level production estimates range from 17 g m- 2 in the Satilla 

River (Benke et al. 1984) to 38 g m- 2 in the Oconee River 

(Nelson and Scott 1962), both southeastern rivers. Macro-

invertebrate production in these habitats was primarily a 

result of high densities of filter-feeding Trichoptera. 

The annual P/B ratios for the cohorts were similar to 

those reported in the literature, although generally lower 

than those reported for other leaf-shredding detritivores 

(Table 3). This may be attributable to the slow growth and 

long life cycle of this species, for which a low P/B would 

be expected (Waters 1977). Also, the high standing crop of 

the last cohort has the effect of lowering the P/B ratio 

(Waters 1969). The relative ability of a species to convert 

its food resource to biomass may also affect P/B, in which 
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case food quality, usually regarded as poor for detritivores, 

may be a factor in reducing production per unit of biomass. 

Leaf Processing 

In woodland streams where channel morphology promotes 

the physical retention of allochthonous inputs, macro-

invertebrates such as shredder facilitate entrainment and 

export of particles through their comminution of CPOM to FPOM 

(e.g. ~allace et al. 1982). The portion of annual leaf input 

that is processed by£.... proteus in Little Stony Creek may be 

approximated by first estimating the amount of leaf input 

into the study area. The litterfall model used was one which 

was developed by Gasith and Hassler (1976) and modified for 

use with streams in forested watersheds by Webster et al. 

(1979). The model accounts for thinning of the canopy over 

a stream: 

Z = 2(L(0.5W) - (L/20)(0.5W 2 ) 

where Z=input to stream as g per linear meter, L=litterfall 

in the streamside forest, and W=stream width. Estimates of 

litterfall in eastern deciduous forests of the U.S. range 

from 320 to 504 g m- 2 yr- 1 (Gosz et al. 1973, Hall 1972, 

Fisher and Likens 1973, Cromack and Monk 1975, Webster and 

Patton 1979, Sharpe et al. 1980). Using these litterfall 

measurements and the litterfall model, the input to Little 

Stony Creek may range from 284 to 447 g m- 2 yr- 1 based on a 

stream width of 4.5 m. Ingestion of leaf detritus by £.... 
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proteus in Little Stony Creek has been estimated to be 182 g 

m- 2 yr- 1 (Chapter 2), or 41 to 61% of annual leaf input. 

Compared to studies of shredders in other streams, .f..:.. proteus 

processed the largest portion of the annual detrital input 

(Table 4). The results indicate that that .f..:.. proteus played 

a large role in leaf processing in Little Stony Creek. By 

comparison, Peterson and Cummins (1974) attributed about 24% 

of the processing of leaf packs to invertebrate feeding in 

field experiments. Cummins et al. (1973), using individual 

and mixed groups of invertebrates in laboratory experiments, 

estimated animal processing of leaf material accounted for 

about 20% of total weight loss. After an insecticide was 

used to exclude macroinvertebrates from a first-order 

woodland stream, Wallace et al. (1982) found that leaf pack 

breakdown rates were reduced by 37% for dogwood, 63% for red 

maple and white oak, and 78% for Rhododendron when compared 

to a reference stream. Webster and Patton (1979) calculated 

that macroinvertebrates ingested 80% of the annual leaf fall 

input in a small forest stream. 

The importance of shredders for comminuting large-

partic le detritus in headwater streams has been examined ex-

tensively (e.g. Anderson and Sedell 1979). Their feeding 

activities provide a link for material and energy between low 

and high order streams (Wallace et al. 1982, Webster 1983) 

that is an important mechanism in the river continuum concept 

(Cummins 1980, Vannote et al. 1980). Based upon the calcu-
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lations, the role of£.... proteus in Little Stony Creek was 

substantial when compared to studies of shredder species in 

other streams, both in terms of converting leaf detritus to 

biomass and in production of fine particulate organic matter. 

The developmental change in the importance of food and tem-

perature as a factors influencing growth provides insight 

into the means by which these variables may limit production 

and distribution of the species. 
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Table 1. Mean relative growth rates (RGR) and ranges calculated as percent 
weight increase per day for each cohort. Temperature is the mean daily 
temperature (C) during the sample interval. 

Relative Growth Rates 

Annual Mean Minimum Maximum 
(Sample/Temp.) (Sample/Temp.) 

Cohort 1 0.939 0.499 1. 809 
(Mar-Apr/2.4°) (May-Jun/16.0°) 

Cohort 2 
Male 0.527 0. 196 1. 382 

(Feb-Mar/2.9°) (Apr-May/12. 1°) 

Female 0.517 0. 174 0.838 
(Aug-Sep/19. 7°) (Dec-Feb/2.4°) 

Cohort 3 
Male 0. 168 -o. 191 0.891 

(Aug-Sep/19. 7°) (Nov-Dec/6.5°) 

Female o. 182 -0.839 1. 436 
(Aug-Sep/19. 7°) (Nov-Dec/6.5°) 
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Table 2. Mean annual cohort density, weight, and standing 
stock (biomass) of ~ proteus in Little Stony Creek as grams 
dry weight. Values in () are one standard deviation. 

Density 
Cohort (no. m- 2 ) 

1 23.8 
(13.0) 

2 Male 18.5 
(6.6) 

2 Female 17.5 
(6.1) 

3 Male 11.9 
( 5. 4) 

3 Female 9.3 
(4.8) 

Mean Weight 
(g/nymph) 

0.00611 
(0.00470) 

0.0452 
(0.0234) 

0.0566 
(0.0335) 

0.124 
(0.040) 

0.213 
(0.098) 

Standing Stock 
(g m-2) 

0.1428 
(0.1027) 

0.9023 
(0.6387) 

0.9484 
(0.6110) 

1. 413 
(0.077) 

1.788 
( 1. 050) 
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Table 3. Comparison of secondary production rates between f:.. proteus and 
other leaf-shredding aquatic insects. 

Cohort 

Plecoptera: 
Pteronarcys 
proteus 
This study 

Pteronarcys 
californica 
Poole, 1981 

Peltoperla maria 
O'Hop et al. 1984 

Trichoptera: 
Sericostoma 
persona tum 
Iverson 1980 

Lepidostoma 
unicolor 

1... unicolor 
Graf ius and 

Anderson 1980 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

Annual 
Production 

(g m -2) 

0.438 
3. 158 
4. 182 

7. 776 

11. 65 1 

Biomass 
(g m -2) 

o. 160 
0.944 
1. 697 

2.801 

0. 130 
1. 457 
2. 720 

4.307 

o. 011 
2.95 
5.33 

22. 70 1 8. 29 

0.520 2 

0.471 2 

0.036 
0.342 
0.549 

0.927 

0.009 
0.480 
0.449 

0.438 

0.310 

0.230 

0. 138 
0. 113 

0.0064 
0.0800 
0.294 

0.380 

0.0012 
0.095 
0. 148 

0.244 

0.084 

0.024 

1Calculated using P/B ratio of f:.. proteus. 
2 Mean of four estimates. 

P/B 

2. 73 
3.35 
2.46 

2. 78 

3. 77 
4. 17 

5.64 
4.28 
1. 87 

2.44 

5.05 
3.03 

3.84 

3. 70 

9.60 

Stream 

Little Stony Creek 
Virginia, USA 

Warm River 
Idaho, USA 

Provo River 
Utah, USA 

Sawmill Branch 
Grady Branch 

North Carolina, USA 

Rolde Kilde, Sweden 

Fonstrup Baek, Sweden 

Mack Creek, Oregon, 
USA 
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Table 4. Comparison of shredder leaf consumption in small streams. 
Percent ingested is the estimated percent of leaf input to the stream 
ingested by the shredder species. 

Species 

Plecoptera: 
f.:... proteus 
This study 

f.:... maria 
O'Hop et al. 1984 

Trichoptera: 
f.:... cingulatus 
Otto 1975 

Z.... ingens 
Winterbourn and 

Davis 1976 

.5..:.. personatum 
Iversen 1980 

Amphipoda: 
!i.... pulex 
Nilsson 1980 

Annual 
Ingestion 
(g m -2) 

182 

13. 5 1 

11. 5 1 

13 

26-53 

49 
50 

>46 

Annual 
Leaf Input 
(g m -2) 

Percent 
Ingested 

Study 
Stream 

284-447 

286 2 

353 2 

680 

330 

300-690 
500-700 

680 

64-41 

4. 7 
3.3 

1. 9 

1. 9-16. 1 

16. 3-7. 1 
10. 0-7. 1 

6.8 

Little Stony Creek, 
Virginia, USA 

Sawmill Branch 
Grady Branch, 
North Carolina, USA 

Stampen, Sweden 

Middle Bush Stream, 
New Zealand 

Fonstrup Baek, Denmark 
Rold Kilde, Denmark 

Stampen, Sweden 

1Calculated from egestion estimate, using assimilation efficiency=20%. 
2 From Webster and Patton, 1979. 



96 

Figure Legends 

Figure 1. Mean dry weight for each sample date by cohort. 
Error bars are one standard deviation. Open cir-
cles represent male nymphs, closed circles repre-
sent female nymphs. The arrow indicates emergence 
of Pteronarcys proteus adults. 

Figure 2. Mean weekly water temperature in Little Stony Creek 

Figure 3. Standing stock of benthic POM in the study area of 
Little Stony Creek. Coarse particulates represent 
the mean g m- 2 of POM > 1 cm, excluding wood, ± one 
standard deviation. Fine particulates represent 
the mean g m- 2 of POM < 1 cm, ± one standard devi-
ation. 

Figure 4. Measured growth vs. calculated growth for each 
cohort/sex in Little Stony Creek. Open circles 
represent results of simulation of growth of ~ 
proteus from laboratory data. Arrows indicate 
emergence of ~ proteus adults. 
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Figure 1. Hean dry weight for each sample date by cohort. 
Error bars are one standard deviation. Open 
circles represent male nymphs, closed circles 
represent female nymphs. The arrow indicates 
emergence of ~- Rroteus adults. 
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· Figure 2. Mean weekly water temperature in Little Stony Creek. 



-N 
'e . 
0 -
~ 
0 
CL 

(.) 

::c: ..... z 
lLI 
m 

450 

350 

250 

150 

100 

60 

99 

•Fine 
•Coarse 

Figure 3. Standing stock of benthic POM in the study area of 
Little Stony Creek. Coarse particulates represent 
the mean g m-2 of POM >l cm, excluding wood, + one 
standard deviation. Fine particulates represent the 
mean g m-2 of POM <l cm, ± one standard deviation. 
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Figure 4. Measured growth vs. calculated growth for each 
cohort/sex in Little Stony Creek. Open circles 
represent results of simulation of growth of P. 
Qroteus from laboratory data. Arrows indicate 
emergence of P. Qroteus adults. 



CONCLUSIONS 

As a detritivore, Pteronarcys proteus is well-adapted 

for using vascular plant detritus as a food resource. It was 

not found to be polyphagous, relying primarily on autumn-shed 

leaves as a food resource. During its three-year nyrnphal 

life in Little Stony Creek, it relied upon lipid stores to 

subsist through the summer periods of low leaf-litter avail-

ability and high metabolic demand resulting from elevated 

temperatures. During and after leaf-fall lipid stores were 

replenished from leaf detritus. Nymphs of Cohort 3 utilized 

their energy reserves for maturation and metamorphosis, which 

suggested a dietary emphasis on the need for available energy 

rather than available protein. In view of recent literature 

concerning the inability of colonizing microbes to supply 

adequate levels of C and N to aquatic detritivore species, 

I:.... proteus appears to have extensive access to the detrital 

substrate as an energy source, and probably as a nitrogen 

source as well. 

In terms of bioenergetic performance, I:.... proteus is not 

dissimilar from other shredder species for which data is 

available. Efficiencies and rates of growth, respiration, 

and ingestion were within reported values from studies of 

other aquatic detritivores. Estimates of population ener-

getic parameters show that energy flow centers around autumn 

101 
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leaf-fall, and is substantially higher compared to that of 

other shredder species. As a consequence, secondary pro-

duction was relatively high in Little Stony Creek, even com-

pared to the total invertebrate secondary production of other 

low-order stream habitats. The large size of mature nymphs 

resulting from a merovoltine life history strategy was prob-

ably a factor in the magnitude of resource utilization. The 

large amount of leaf detritus ingested (43-62% of estimated 

leaf input) compensated for the low assimilation efficiencies 

measured in the laboratory studies. 

1:.... proteus actually had greater potential for ingestion 

and assimilation of the food base in Little Stony Creek, but 

food availability apparently limited the.growth of larger 

nymphs. Temperature, however, appeared to influence growth 

of small nymphs (Cohort 1). Thus the thermal regime may act 

as an initial factor in the success and distribution of this 

species until food resources become a limiting influence. 

The interaction of the two, especially the degree to which 

food quality compensates for a suboptimal thermal regime re-

mains a important question for future inquiry. Since mature 

nymphs appear to rely heavily on lipid reserves for matura-

tion and reproduction, the relationships between lipid 

metabolism, temperature, and reproductive capacity should 

provide insight into the manner in which food and temperature 

act as ecological determinants in the success and maintenance 

of aquatic insect populations. 
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