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IN T R O D U C T IO N 


T he detritus pathw ay is 

that in w hich plant or anim al m aterial dies and is


then attacked by m icroorganism s. M ore of the energy fixed by autotrophic


organism s is probably transferred through this route than through the


grazing pathw ay (98). D etritus cannot be precisely defined in term s of its


chem ical com position or associated m icroorganism s. A s an operational


definition, Boling et al (16) defined it as all particulate (> 0.45-µm  particle


diam eter) organic m atter (reduced carbon com pounds) together w ith asso-

ciated m icrobiota— fungi, bacteria, protozoa, and other m icroinvertebrates.


M icrobes are included as part of the detritus because the relationship be-

tw een them  and the organic substrate is so intim ate that independence is


never observed in nature; also, efficient separation techniques applicable to


field-collected detritus are nonexistent.


T he role of detritus in 

aquatic ecosystem s w as discussed in tw o recent


sym posia (1, 109). Studies of biological decom position are interdisciplinary


in  nature and  w ere a them e of the International B iological P rogram s in


freshw ater, m arine, and terrestrial projects (1). T hus, w ith the upsurge of


interest in this topic, it is tim ely to review  contributions, especiajly on the
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role of m acroinvertebrates that feed on detritus, and in so doing affect


particle size reduction and eventual m ineralization of the m aterial.


A  central feature of stream  ecosystem s is the unidirectional flow  of the


w ater. In addition to shaping the physical habitat, the current influences the


kind and distribution of the fauna, and the transport and deposition of food


m aterial (126). A lthough autochthonous prim ary production by diatom s,


other algae, and m acrophytes is significant in som e situations (99, 107, 119,


162), the preponderance of allochthonous inputs to stream s is em phasized


in recent literature (24, 31, 36, 39, 70, 97, 99, 111, 112, 116, 162). H ynes


(73) suggested that the w atershed, rather than the stream , should be the


basic unit of study because of the dependence of the stream  on inputs of


organic and inorganic m aterial, and R oss (132) show ed that the distribution


of som e stream  taxa w as associated w ith the distributfon of the riparian


vegetation. In view ing a stream  as a continuum  from  headw aters to m outh,


the influence of riparian vegetation and its litter contribution w ill vary w ith


stream  order and position along the continuum  (33, 34; R . L. V annote,


personal com m unication).


T he degradation of detritus in stream s is extrem ely com plex. Such as-

pects as preconditioning in the terrestrial habitat, physical abrasion, leach-

ing, and m icrobial colonization are discussed only briefly, as our focus is


prim arily on the role of m acroinvertebrates. T he functional feeding group


concept of C um m ins (31, 32) is adopted for com paring detritivore groups.


H istorically, leaf litter has been considered the m ajor allochthonous input


to stream s. H ow ever, w e place considerable em phasis on w ood debris in this


review  because its im portance to stream s has received little attention previ-

ously.


A L L O C H T H O N O U S A N D  A U T O C H T H O N O U S


IN P U T S T O  ST R E A M S


T he R iver C ontinuum 


A  river system  is a large netw ork of sm aller tributaries coalescing into larger


rivers. T he sm all first- to third-order stream s com prise about 85%  of the


total length of running w aters (86). T he basic features that characterize the


river as a continuum  from  headw aters to m outh are the decreasing direct


influence of the adjacent vegetation of the w atershed, the increasing im por-

tance of inputs from  upstream  tributary system s, and increasing algal pro-

duction.


H eadw ater stream s are m axim ally influenced by riparian vegetation


through shading and as the source of organic m atter inputs, because the


ratio of shoreline to stream  bottom  area is high. E ven in grasslands, the


distribution of trees and shrubs follow s perennial and interm ittent w ater-
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courses except w here land-use practices have resulted in rem oval or


suppression of riparian vegetation. T hese low -light, relatively constant-

tem perature headw aters receive significant am ounts of coarse particulate


organic m atter (C P O M ; > 1-m m  diam eter) from  the w atershed. T heir m ost


striking biological features are the paucity of prim ary producers (algae and


vascular plants) and the abundance of invertebrates that feed on C P O M  (32,


33).


T he shift from  heterotrophy to autotrophy usually occurs in the range


of third- or fourth-order (interm ediate-sized) stream s, though the transition


is gradual and varies w ith geographic region (108). F ourth- to sixth-order


rivers are generally w ide and the canopy of vegetation does not close over


them . D irect inputs of C P O M  from  the riparian zone are low er because of


the reduced ratio of length of bank to area of river bottom . D etrital m aterial


transported from  upstream  is largely as fine particulate organic m aterial


(F P O M ; < 1-m m  diam eter).


L eaf and W ood Inputs


O f the organic m aterial that falls or slides into first-order stream s every


year, less than 50%  m ay be flushed dow nstream  to higher-order stream s.


In general, sm all stream s are very retentive, not m ere conduits exporting


m aterials quickly to the sea. Som e 60-70%  of the annual particulate inputs


are retained long enough to be biologically utilized by stream  m acro- and


m icroorganism s (48, 134). D ebris dam s serve as effective retention devices


for sm aller organic m aterial, allow ing tim e for m icrobial colonization and


utilization, and for invertebrate consum ption of this m aterial. F unctionally,


the invertebrates of stream s flow ing through forests have evolved to gouge,


scrape, an d  sh red  w ood  an d  leaves an d  to gath er th e fin e organic m atter


derived  from  b reakdow n  of coarser m aterial (6, 32).


T he tim ing of litter inputs is given in T able 1 for both coniferous and


deciduous forests. T he deciduous forest inputs increase in late sum m er and


peak in the fall. In m ore northern areas, the snow  cover reduces w inter


inputs but results in a pulse of litter w ith the spring snow  m elt (48). T he


coniferous forest and evergreen deciduous forest stream s show  a m ore even


distribution of inputs throughout the year (134, 151, 165).


T he seasonal quality of the inputs varies and is of significance in term s


of nutrient content. Spring and early sum m er inputs, although quantita-

tively sm aller, consist prim arily of high-nutrient pollen, flow er parts, and


insect frass (49, 134, 165). Inputs of w ood and lichens in O regon cam e


predom inantly in the w inter and spring (134). In general, the inputs of


organic m aterial to stream s are greater than that received on the forest floor.


Since stream s are at the bottom  of slopes, and are w et, they serve as effective


traps for blow ing leaves and for m aterials that roll or slide dow n hills (73).
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T able 1 C om parison of allochthonous inputs to stream s w ith various types of riparian


vegetation


Stream  Forest type


Seasonal inputs


T otal inputs


(g/m 2/yr) 

R ef.

W

S S 

F 

M iddle B ush, N Z  

Southern beech


(N othofagus) 34284 136 113 567 165


Sm ith C reek, M I M ixed hardw ood 3295 101 

424 

669 

_a


C ow eeta, N C  

W hite pine 

2248 52 197 319b 

160


O ld field 4618 

60 162 286b 160


M ixed hardw ood 

14

34 35 271 352b 

160


D oe R un, K Y  

M ixed hardw ood 

3112 

67 245 355c 82, 90


Bear B rook, N H  M ixed hardw ood 

1080 195 375 660 

48


Stam pen, Sw eden A lder-pasture 48

70 199 403 708 121


H . J. A ndrew s, O R  

D ouglas-fir,


H em lock 270150 90 

220 730 151


C am p C reek, ID  

Spruce, fir 

N D d N D  

239 

239 

N D  

___e


a 

D . M ahan and K . W . C um m ins, personal com m unication.


b Just litter fall, no lateral m ovem ent.


c Leaf litter only.


d

N D , N o data available.


e G . W . M inshall and R . C . Petersen, personal com m unication.


A lthough leaf litter has received the greatest attention by stream  ecolo-

gists, w oody debris represents over 70%  of the inputs to a coniferous forest


stream  (151) and also a large fraction in deciduous forest stream s (48).


C hristensen's (25, 26) review  of litter fall in w oodlands of the tem perate and


tropic zones indicates that w ood com prises 15-49%  of total litter fall in


deciduous forests (excluding estim ates of bole w ood).


Froehlich (56) estim ated natural w ood accum ulations in several O regon


stream s to be 20-70 m etric tons per 40 m  of stream . R ecent surveys have


dem onstrated that heavy loading of w ood debris is not m erely a local


phenom enon of the headw ater stream s of the N orthw est. O ur prelim inary


estim ates of total debris loading for first- or second-order stream s in old-

grow th stands are as follow s (kg/m 2): O regon (D ouglas-fir-hem lock), 25-

40; Idaho (spruce-lodgepole pine), 7; N ew  H am pshire (spruce-fir), 4;


T ennessee (spruce-fir), 10 and (m ixed hardw ood), 13. T he am ount of sm all


debris (< 10-cm  diam eter) in all areas ranged from  1-4 kg/m  2 (G . Lienka-

em per, F. Sw anson, and J. Sedell, unpublished data).


M acrophyte Inputs


The contribution of m acrophytes to stream s has been review ed by W estlake


(161) and Fisher &  C arpenter (47). M axim um  biom ass occurs in sum m er
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or early fall and ranges from  0.4-0.7 kg (dry w eight)/m  2 for fertile tem per-

ate w aters dow n to 0.01-0.02 kg (dry w eight)/m 2

 in infertile, deep, or turbid


w aters. M osses are the only significant m acrophytes in sm all, densely


shaded stream s. T he contribution of m acrophytes to the productivity of


stream  ecosystem s ranges from  1%  in the R iver T ham es, to 9-13%  in


interm ediate-sized rivers, and up to 30%  in springs, and it m ay be alm ost


100%  of the prim ary production in polluted unshaded sections of som e


rivers (47). T hese plants are not usually grazed upon and thus represent a


source of autochthonous detritus. T he decom position of m acrophytes is


quite rapid (ca 50%  w eight loss in a w eek) com pared w ith terrestrial leaf


m aterial (ca 5-25%  w eight loss in a w eek).


In addition to their role as an energy source, m acrophytes act as a


structural m odifier of the stream  system  during the sum m er grow th and


corresponding low -flow  period. M acrophyte stands increase the stream  bed


area and reduce flow  velocities, thereby enhancing sedim entation and reten-

tion of seston and drifting leaf m aterial. B y retaining drifting organic m ate-

rial and by providing a large surface area for epifaunal and m icrobial


processing, m acrophyte stands m ay expedite sum m ertim e detrital process-

ing in  stream s w here they occur.


IN V E R T E B R A T E S IN V O L V E D  IN  D E T R IT U S


PR O C E SSIN G 


T o address process-oriented ecological questions, C um m ins (32) has


stressed the need to identify functional groups of organism s that are at least


partially independent of taxonom ic determ inations, because accepting the


species as the basic ecological unit w ould m ean that the "perpetually incom -

plete state of our taxonom ic know ledge w ill constitute a m ajor constraint


for the developm ent of ecological theory." H e further argues that the


trophic categorization, built upon L indem an's (89) classic contribution, has


also proven as restrictive as taxonom ic identification in answ ering process-

oriented  questions, because m ost schem es of trophic partitioning can not


deal ad eq uately w ith  th e com m unity m etabolism  of d etritus. W iggins & 


M ackay (163) have integrated  system atics and  the functional feeding con-

cept. F or the N earctic T richoptera, the generic level provides a reasonable


indication of the kinds of organic m aterial available as a food source in


aquatic habitats (163).


It m ust be recognized that a functional feeding group classification pro-

vides only a generalized picture of the com m unity. M ost aquatic insects are


opportunistic feeders and thus cannot be rigidly placed in a single functional


group. A  n oncritical acceptance of th e p lacem ent of genera, fam ilies, or
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other taxa in the functional categories given by M erritt &  C um m ins (110)


could im pede a better understanding of trophic relations and the develop-

m ent of new  approaches to stream  ecology.


T he early qualitative studies of gut contents (18, 78, 79, 85, 91, 113-115,


137, 145, 168) revealed that a num ber of insects consum e detritus.


M ore recent com m unity studies substantiate the fact that a m ajority of


benthic species ingest a com ponent of detritus (27, 69, 112, 133). T he guts


of 74 of 75 species of a riffle com m unity contained som e detritus, although


only five species w ere classified as detritivores (>50%  of the diet); for m any


species the pattern w as for young individuals to consum e detritus, but to


shift to algal or anim al ingestion concom itant w ith m aturation (27).


H ynes (69) dem onstrated the seasonal significance of detritus in that the


grow th of w inter-active form s w as based alm ost entirely on allochthonous


m aterial, and these taxa accounted for about tw o thirds of the productivity


of the stream . E gglishaw  (40) show ed that alm ost 70%  of the riffle inhabi-

tants of a Scottish stream  w ere associated w ith plant detritus, and he


provided experim ental evidence that they w ere not m erely using detritus for


shelter but also for food. R abini &  M inshall (126) explained preference of


benthic insects for substrate in the 1.0- to 3.5-cm  particle size range because


it served as a better detritus food-collecting device than did substrates


greater than 4.5 cm .


Functional G roup C lassification of D etritivores


M erritt &  C um m ins (110) have tabulated the taxa of insects in various


functional groups. T he shredder group in m ost areas is dom inated by


T richoptera (L im nephilidae, L epidostom atidae, Sericostom atidae, O eco-

nesidae) (30, 60, 61, 74, 94, 95, 120, 135, 147, 163, 166); by craneflies (35,


153); and by P lecoptera (P teronarcidae, P eltoperlidae, N em ouridae)


(44, 45, 104, 157). T hough these are the dom inant taxa, partitioning of the


shredding activities betw een com m unity m em bers at a particular site has


not been assessed.


A  num ber of noninsect invertebrates are detritivores that feed on C PO M ,


including am phipods, isopods, crayfish, and snails (71, 80, 88, 102, 111, 112,


118, 125, 133). T heir som etim es high biom ass, m ixed age distribution, and


continuous presence in the w ater m ore than com pensates for their low 


species richness in their im pact on the food resource. T hey tend to be m ore


abundant in hard w aters or eutrophic situations (71). M any are extrem e


trophic generalists (102, 105, 112, 133, 159). T hough som e of these taxa,


such as crayfish, engulf or tear leaf m aterial, m any of the others do not have


the chew ing behavior of typical shredders. A m phipods and snails scrape or


rasp the softer tissues, leaving the veins intact. E ven though they m ay be


considered fine-particle feeders (124), their feeding causes particle-size re-
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duction and is im portant in the initial degradation of C PO M . Sim ilarly, the


feeding by 

som e stoneflies (157) and m ayffies (124) is by scraping fine


particles of soft tissue from  the leaf substrate.


F ine-particle feeders are partitioned into filter feeders that obtain sus-

pended m aterials from  the w ater colum n, and collector-gatherers that occur


w here F P O M  has been deposited. F iltering m ay be accom plished by m or-

phological structures (head  fans of black flies, coxal-fem oral hairs of 

Iso-

nychia) 

or by behavioral activities (net building by caddisflies and m idges,


pum ping b y b ivalve m ollusks, or body undulations of 

C hironom us) 

(71).


T he collector-gatherer guild includes m any of the m ayflies, som e stoneflies,


m any D iptera (ptychopterids, som e tipulids, psychodids, m any chirono-

m ids), oligochaete w orm s, and  sm all gam m arids and  isopods. T hese taxa


occur w here F P O M  has settled  out in  pools or backw aters, or w here it is


trapped  by vegetation  or entrained into the stream bed.


Indirect evidence of the quantities of F P O M  available, especially in riv-

ers, is afforded  

by the vast populations of filter 

feeders and collectors that


occur as nuisance sw arm s in the adult stage— black flies (51, 130), m ayffies


(53), and caddisflies (28, 54).


T w o pathw ays recently suggested in the production and utilization of


F P O M  are the roles of gougers and  com pactors. F eeding 

by the elm id


beetle, 

Lara avara, 

and the caddisfly, 

H eteroplectron 

californicum , 

on w ood


resu lts in  su perficial ch annels 

or gouges that are interm ediate betw een


tunnels, typical of terrestrial w ood borers, and the shredding of leaves (6).


Fecal production 

and m echanical abrasion 

by 

these taxa contributes to the


pool of F P O M . 

A t the other end of the particle size scale, com pactors


produce fecal pellets that are considerably larger than the size of the in-

gested particles. T he nets of 

philopotam id caddisflies can retain particles of


less than 0.5 X  0.5 gm  and the larvae egest com pact fecal pellets (155). T he


feces of 

P tychoptera tow nesi 

larvae from  a 

pool habitat are several tim es the


diam eter of the ingested particles 

(E . G rafius, personal com m unication).


Fecal pellets of black flies sedim ent from  suspension m uch m ore readily


than do the food particles (83). 

P article size can be increased and thus m ake


detritus available again 

for species requiring larger particles or for those in


other habitats. T his allow s for recycling of FPO M , but the m agnitude of


this pathw ay is unknow n. R ates of physical or biological breakdow n of fecal


pellets m ay be habitat specific.


FA C T O R S IN FLU E N C IN G  A V A ILA B ILIT Y 


A N D  U T ILIZ A T IO N  O F D E T R IT U S B Y  SH R E D D E R S


T he quantity, quality, tim ing, and retention of allochthonous inputs to


stream s are a function of the w atershed (73, 108). M ost studies have been
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in tem perate deciduous forests so the em phasis has been on the autum nal


pulse of leaf fall. T he autum nal inputs m ay also be characteristic of other


biom es, because deciduous trees and shrubs follow  w ater courses, especially


in desert and grassland areas.


L eaves accum ulate in areas of reduced current and tend to form  leaf


packs or dam s on the upstream  side of rocks, sticks, or other obstructions.


These accum ulations, then, provide the sites of shredder activity. M ajor leaf


accum ulations m ay resist breakdow n because of inaccessibility or low  dis-

solved oxygen levels. T he feeding activities of large shredders, such as


T ipula, are im portant in loosening up the m aterial that aids in penetration


by other species (K . W . C um m ins, personal com m unication). Lepidostom a-

tid caddisflies, nem ourid stoneffies, and snails are m ore abundant on sm all


accum ulations or on individual leaves than w ithin closely appressed leaf


packs 

(N . H . A nderson, unpublished data). L eaves that becom e buried are


characteristically black in color, indicating anoxic conditions. D egradation


is delayed depending 

on how  long 

the leaves are buried. T he relative food


quality m ay be decreased, but presum ably these leaves w ill eventually re-

enter the food nexus.


M uch of the m ore easily digestible m aterial in leaves is never available


to shredders, because soluble organic m aterial is rapidly leached and enters


the dissolved organic m atter (D O M ) pool. L eaf litter loses 5-27%  of its dry


w eight w ithin the first day, depending on the species of leaf and the degree


of leaching that occurred in the terrestrial environm ent 

prior to introduc-

tion into the stream  (124).


L eaf decom position in the absence of m acroinvertebrates is discussed by


several authors (11, 13, 80, 139, 140, 148, 164). D ecom position  

as related


to attractiveness and utilization of detritus by shredders has been term ed


conditioning (32). T his is an interaction of biochem ical and physical pro-

cesses largely m ediated 

by m icroorganism  colonization. C onversion  of plant


tissue into m icrobial m aterials (m icrobial production) and partial decom po-

sition of plant tissue into subunits that are digestible 

by detritus feeders


(m icrobial catalysis) are im portant m echanism s of conditioning (13). Fungi,


w hich penetrate the leaf m atrix, are especially im portant (10, 13, 59, 80, 81,


95, 148), but bacteria, diatom s, protozoans, rotifers, and nem atodes m ay


also be prevalent on the leaf surface (32, 37, 74, 139, 140). C on ditioning  rate


is largely tem perature dependent (32, 141), but it is also affected by w ater


chem istry and pH  (41-43, 80, 169), and especially by qualitative species


characteristics of leaf texture. T hough higher tem perature increases condi-

tioning rate, m any of the aquatic hyphom ycete fungi are active colonizers


below  10°C  (148).


K aushik &  H ynes (80) concluded that feeding preference w as associated


w ith rate of decay, w hich in turn w as related to fungal colonization and
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protein content of the food. A m phipods and isopods exhibited feeding


choices in the sam e order as decay rate: elm  >  m aple >  alder 

>  oak > 


beech. N itrogen levels increased due to fungal colonization, especially if the


w ater w as enriched w ith nitrogen and phosphate. T hus conditioned leaves


are a higher-quality foodstuff because of the protein content. T he supply of


protein-rich detritus is m aintained through the fall, w inter, and spring,


because leaf species decay at different rates 

and those that decay first tend


to be eaten first (80). L eaf quality for shredders m ay decline from  "over-

conditioning." A ssim ilation efficiency of Lepidostom a quercina 

fed on alder


leaves decreased slightly w ith increase in conditioning, tim e (60).


Ingestion rates 

by L epidostom a spp. increased  w ith  

conditioning tim e of


the leaves (5). L quercina 

fed on alder leaves had constant consum ption


rates for the first 3 w eeks of conditioning, but after that tim e the regression


line indicated an increase of 5%  per day for each additional day of incuba-

tion. L . unicolor also show ed an increased consum ption of D ouglas-fir


needles w ith increased conditioning, but conditioning required several


w eeks or m onths com pared w ith 3 w eeks for alder. A lder is exceptionally


palatable even w ithout conditioning, as L. quercina 

con su m ed  ab ou t 60% 


of body w eight per day of leached but unconditioned leaves (5).


Shredders are not im portant in leaf degradation in all studies. M athew s


&  K ow alczew ski (103) discounted invertebrate feeding as im portant in leaf


disappearance in the R iver T ham es. K aushik &  H ynes (80) indicated that


decay rates w ere not enhanced by m echanical shredding after the first few 


w eeks. R eice (129) found no direct relation betw een num bers of individuals


or of species and the rate of decom position of leaf packs. H e concluded that


the direct 

role of m acrodecom posers w as m inor. H is data indicated an


absence of shredder taxa in this third-order N orth C arolina stream  in June.


A  sim ilar lack of shredders w as suggested (135) for 

the results in the R iver


T ham es. T he relative abundance, or activity, of the fungi and bacterial


com ponents m ay affect shredder feeding. T hus low  fungal populations, but


high levels of bacteria, on 

N othofagus 

leaves w as suggested  (37) as a reason 


for low  shredder activity and slow  degradation 

of beech leaves.


K aushik &  H ynes (80) indicate sim ilarities betw een decay m echanism s


in aquatic and soil system s. T em perature and initial com position of leaves


govern  the rate of decom position  in  both  system s. T he level of nitrogen


uptake (nitrogen  factor of agronom ists) d epen ds on  

the leaf species. A 


change in the supply of phosphorous alters the quantity of im m obilized


nitrogen. Soil fungi are also im portant on leaves in w ater.


Shredder Feeding E xperim ents


C om parisons of the several studies of shredder feeding are difficult because


of differences in experim ental procedure and in objectives. T he im pact of
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a species on leaf degradation can be dem onstrated by different m ethods


from  those used to elucidate the food value of detritus. For exam ple, W al-

lace, W oodall &  Sherberger (157) dem onstrated preferences by 

P eltoperla


m aria for various leaf species and show ed that the characteristic m ode of


feeding w as by scraping the cuticle and m esophyll. T hey used oven-dried


leaves and a 2-w eek feeding period; this w ould not allow  for norm al coloni-

zation and conditioning by fungi. T hus the low  consum ption m ay be due


to experim ental procedure. T heir data suggest that leaf tissue w as used as


food since bacteria w ere too sparce to contribute significantly as food. T his


study indicates that P . 

m aria 

contributes to leaf degradation, and that


tannins and ligninlike com pounds are m ore rapidly leached from  the feces


than from  intact leaves. H ow ever, grow th of the larvae w as not exam ined,


so no inference can be draw n concerning assim ilation of detritus. A  sim ilar


com m ent holds for several other studies; that is, w ithout som e m easurem ent


of grow th or developm ent, the food value of detritus to the organism  cannot


be determ ined.


Iversen (75) dem onstrated a relationship betw een gross grow th efficiency


(grow th/ingestion) and the nitrogen content of leaves. Feeding preference


of 

Sericostom a personatum  w as also associated w ith nitrogen, w ith the


order of preference and the nitrogen content being alder (4.2%  N ) >  oak


(1.9%  N ) >  beech (1.2%  N ) =  spruce (1.4%  N ). Larvae fed on beech or


spruce doubled their w eight in 10 w eeks, w hereas a fourfold increase oc-

curred in those fed oak or alder. The food quality of alder is apparent as


grow th w as highest, but ingestion rate w as less than half of that for larvae


fed on the other three leaf species. A lder is a fast conditioning leaf w hereas


the others are all in the slow  group (see below ). T he leaves w ere incubated


in a stream  for a m onth prior to feeding. T his w ould allow  for m icrobial


colonization, but only alder w ould be fully conditioned in that tim e. In


term s of leaf degradation, the larvae shredded 4-6 tim es body w eight per


w eek of the resistant types of leaves, com pared w ith only 2.2 tim es body


w eight per w eek of alder leaves. A ccounting for differences in size, because


of superior grow th on alder, the consum ption per larva [m g (dry w eight)/


w eek] w as alder, 17.5; oak, 31.7; spruce, 22.2; and beech, 25.4.


Food quality w as a lim iting factor for larval grow th of 

P otam ophylax


cingulatus 

(118, 120, 121). C om pared w ith stream -dw elling larvae, those


fed alder w ere heavier and those fed beech leaves w ere sm aller. Preference


for alder w as coupled w ith assim ilation efficiencies of up to 35% . G reen


leaves of either species picked from  the tree w ere preferred to w ithered


leaves (alder picked from  the ground and beech from  the stream ). T hus,


P . 

cingulatus w as responding as a herbivore-detritivore rather than as a


strict detritivore. In the field, the larvae grew  rapidly until alder leaves w ere


depleted in January. Beech leaves w ere the chief food available for the next
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4 m onths, and the fat content of the larvae decreased from  13%  to less than


8% . From  M ay onw ard, m acrophytes and fresh leaves from  riparian vege-

tation afforded a higher-quality food source, increasing the fat and energy


content before pupation.


C um m ins et al (35) used a m ass-balance approach w ith various shredders


and collectors to quantify the factors involved in both utilization and degra-

dation of leaves. T hey used hickory leaves w ith a standard leaching tim e,


innoculation w ith hyphom ycete spores, and a conditioning period prior to


feeding. D egradation products (leaf fragm ents, feces, D O M ) w ere not re-

m oved until the end of an experim ent (7-15 w eeks). T his aspect of the


experim ental design probably explains the low  survivorship and m akes


interpretation of grow th rates suspect. H ow ever, 

the data on leaf degrada-

tion  are im portant. L eaf w eight loss in  ch am bers containing T ipu la w as


alw ays greater than 50% ; P ycnopsyche 

feeding resulted in  leaf losses of


41-50% , even though the larvae all lost w eight; 

P teronarcys 

larvae all died


w ithin  a w eek, b ut in  this short tim e th ey caused  40%  leaf w eight loss


com pared  w ith  26%  in  the control in  110 days.


T he m icrocosm  data for T ipula and P ycnopsyche w ere used to partition


leaf breakdow n into m echanical breakage (5% ), leaching (9.6% ), m icrobial


utilization (17.7% ), shredder feeding (19.1% ), collector feeding (9% ), and


residual detritus (40.6% ) (35). O n  this basis, the standing crop of T ipula


and P ycnopsyche in their M ichigan stream  could process at least half of the


estim ated large particulate organic m atter inputs for an eastern w oodland


stream . T his estim ate of processing is conservative, even for these tw o m ajor


shredders, because as indicated above the grow th rates are too low , w hich


probably m eans that ingestion w as underestim ated. In  addition, earlier


instars than w ere used in the feeding experim ents w ould have higher densi-

ties and faster feeding rates (35). If this is accounted for, and the entire


shredder guild is included, it is possible that detritus food is lim iting rather


than in excess.


M cD iffett's 

(104) energy budget for 

P teronarcys scotti is often cited for


the am ount of leaf m aterial shredded, and for the low  assim ilation efficiency


of detritivores (10.6% ). H e used  a m ixture of leaf species collected  from  a


stream  and thus of unknow n food quality. 

N either ingestion nor egestion


w as m easured directly because of difficulty in separating feeding fragm ents


from  feces. The assim ilation efficiency m ay be too low , because egestion w as


calculated from  fecal collections w ithout concom itant feeding by the larvae,


an d  gu t em p tyin g  rate m ay 

be reduced w hen anim als are not feeding (20).


E stim ation of the im pact of P . scotti 

on leaf breakdow n w as possible w ith


gravim etric techniques, as both fragm entation and egestion result in particle


size reduction. Leaf w eight loss by feeding averaged 29.1%  of dry body


w eight per day, w hereas egestion (by nonfeeding larvae) w as 17.9% . A s-




362 A N D E R SO N  &  SE D E LL


sim ilation efficiency calculated on the basis of leaf w eight loss is 38.5% ,


w hich M cD iffett believes is too high because som e leaf m aterial is frag-

m ented but not ingested. T hough the estim ates of assim ilation efficiency


m ay be equivocal, the calculated im pact of the larvae in litter degradation


is not affected; this am ounts to 4.5 g of leaf tissue per larva per year.


For a detritivore about half the size of P. scotti, W interbourn &  D avis


(166) estim ated that a larva of the caddisfly Zealandopsyche ingens shred-

ded 1.2 g of N othofagus leaves per year. T his included estim ates for both


ingestion and case m aterial. E xtrapolating to field population densities,


11%  of the leaf and tw ig inputs, or 16%  of the leaf inputs, of the N ew 


Z ealand stream  could be processed by Z  ingens


B arlocher &  

K endrick (10, 12, 13) have provided  the m ost definitive data


to date on the interrelations of fungi and invertebrates in leaf degradation


in aquatic system s. 

G am m arus 

w ere fed conditioned leaves or cultured


fungi. The controlled diets and daily cleaning of rearing containers enabled


them  to m easure grow th in a system  w ith low  m ortality. T he w eight in-

crease of 

G am m arus 

in 9 w eeks on the four m ost suitable fungi averaged


62% , com pared w ith 26%  on  

elm  leaves and 12%  on m aple. Som e fungi


w ere unsuitable as the sole food source and the anim als died just as fast as


did starved ones. G row th rate on the elm  leaves w as only half of that w ith


m ycelia of the best fungus, but consum ption of elm  leaves w as about 10


tim es greater than that of m ycelia. G row th of 

G am m arus fed on fresh leaf


disks w as attributed to digestion of leaf substrate, and not to the m icroor-

ganism s, because they estim ated that bacteria and fungi contributed less


than 0.01%  of the biom ass.


A ssim ilation efficiency of G am m arus 

fed on unconditioned elm  or m aple


leaves w as about 10%  of 

the dry w eight and 14-18%  

of the protein,


com pared w ith 43-76%  for dry w eight and 73-96%  for protein on cultures


of fungal m ycelia (12). T hese results and the presum ed preference of de-

tritivores for leaves w ith high m ycelia concentrations indicate that fungi


w ill be considerably m ore significant in the diet than is suggested by esti-

m ates of m icrobial biom ass per unit w eight of decom posed leaves. C hanges


in the leaf brought about by m icrobial excretions 

or secretions, or experi-

m entally by a hydrolytic agent (H C 1), can also increase palatability of leaves


for G am m arus 

(13).


D espite the evidence given above for the nutritional quality of som e types


of detritus and for dem onstrated grow th w ith a detritus diet, there are few ,


if any, convincing studies of shredder species that can com plete their life


cycle feeding exclusively on decaying leaves. M ost studies of gut contents


indicate variable diets (27, 133). G am m arus 

feed on dead anim al m aterial


w hen it is available (133), and m any detritivores sw itch to algal m aterial as
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they grow  older (27, 32, 57). 

T he caddisfly, 

C listoronia m agnifica, 

could not


be reared to a norm al pupal w eight on conditioned alder leaves; 

it required


a supplem ent such as w heat grains or enchytraeid w orm s (2-4).


Field Studies of L eaf Processing


F ield studies have been conducted using litter bags 

(37, 

66, 76, 80, 103, 122,


146) or leaf 

packs (14, 124, 127-129, 135, 141, 149, 150). B ags have the


advantage of preventing losses due to abrasion or breakage, but they deny


access of large shredders an d  m ay in hibit n orm al m icrobial p rocessing


because of reduced w ater exchange rates and possible anaerobic conditions


(124). L eaf packs are considered analogues of natural autum nal leaf accu-

m ulations (124). L eaves are fastened together w ith plastic buttoneers or by


stringing on m onofilam ent and attaching the pack to 

the upstream  face of


a brick in the stream .


T he reported rates of leaf w eight loss and the role of invertebrates in


various studies are highly 

variable. In 

part, this 

is due to differences in


m ethodology, tim ing, and duration 

of experim ents, and to sam ple process-

ing techniques, but there are also apparent differences betw een geographic


regions and litter species, 

and in both the m icrobial and invertebrate com -

plexes. W eight loss is directly proportional to tem perature, and interspecific


differences in degradation rates can be overridden by tem perature (141).


H ow ever, R eice (128) reported  faster p rocessing of w hite ash  at a low er


tem p eratu re, as d id  T riska &  Sed ell (149) for fou r 

leaf species. In both


instances there w as a m arked absence of shredders associated w ith the


slow er decom position. D egradation of 

sycam ore leaf packs in a pastureland


stream  w as slow  and  resulted  m ainly from  m icrobial processing (14). T he


absence of shredders in this system  w as attributed to the predom inance of


an unpalatable, or slow ly processed, type of leaf, and the lack of the range


of leaf types typical of w oodland stream s (14).


T he m ost extensive field study w as by Petersen &  C um m ins (124), w ho


com pared m ean w eight loss of seven deciduous leaf species in A ugusta


C reek, M ichigan. V alues of 

k, in 

an exponential decay m odel, w ere used


to com pare 23 species from  their studies and from  literature values. E xpo-

nential loss rates of 0.5%  per day 

are characteristic of "slow " leaves such


as oak, beech, or poplar, com pared w ith 1.5%  for "fast" leaves such as elm 


and ash. From  the results of their field studies in 

both fall and w inter, and


laboratory and artificial stream  experim ents, they constructed a processing


budget using hickory, a species w ith a m edium  processing coefficient. T he


com ponents of the budget w ere 

(a ) 

leaching (24 hr), 

15% ; (b) 

conditioning


(30 days), 

7 % ; and (c) 

anim al-m icrobial conversion (90 days), 43%  (anim al


=  24% , 

m icrobial =  19% ). T he rem aining am ount w ould continue to be
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processed by m icrobes and invertebrates, but after 120 days (Septem ber to


D ecem ber) leaf packs are rare, so this residue has been fragm ented and is


in another category subject to different processing rates (124).


T he seasonal tim ing of leaf pack or litter bag experim ents w ill have a


m ajor effect on results, because the life cycles of shredders are keyed to the


predictable tim ing of seasonal inputs. L eaves presented in the sum m er are


unlikely to be attacked by the sam e species com plex, or life history stages,


as those exposed in the fall or spring.


O ur O regon studies illustrate the im portance of life history consider-

ations. C onifer needles in a third-order stream  had a decay coefficient of


0.006 from  N ovem ber to A pril, but this increased to 0.018 in M ay— June,


largely because of feeding by final-instar larvae of Lepidostom a unicolor


(135). In a first-order stream  w ith an im poverished shredder fauna, the


k -value w as 0.003.


T he life cycle of Lepidostom a quercina is tim ed to exploit deciduous leaf


inputs in the autum n, in contrast to L. unicolor, w hich does m ost of its


grow ing in the spring and early sum m er (3, 60). A  sim ulation m odel that


m im icked the field grow th pattern of 

L. quercina w as based on differential


grow th rates that depended on food quality. R apid grow th occurred w hen


high-quality leaves (alder) w ere available from  A ugust to N ovem ber, and


slow  grow th on low -quality leaves (m aple) for the rem ainder of the feeding


period until February (60, 61).


In the absence of shredders, alder leaves lost 50%  of their w eight in 70-90


days at 6°C  (149). W ith a typical shredder fauna at a sim ilar tem perature


in N ovem ber— D ecem ber, 50%  w eight loss occurred in about 40 days (135).


In m idsum m er, at about 15°C , alder leaves in m esh bags w ere com pletely


skeletonized in less than a m onth (N . H . A nderson, unpublished data).


Shredders w ere largely excluded by the bags and m icrobial activity w as


responsible for disintegrating the leaf tissue. Tissue loss, though, w as pri-

m arily due to fine-particle collectors or scrapers, such as snails, leptoph-

lebeid m ayflies, and nem ourid stoneflies. T hus, tem perature had a


pronounced effect on degradation rate, but invertebrate feeding activity w as


also im portant. In the sum m er the invertebrate contribution to processing


w as not via shredding behavior but by surface scraping.


W O O D  D E G R A D A T IO N  B Y  IN V E R T E B R A T E S


A s w as indicated previously, w ood debris m ay account for the m ajor com -

ponent of organic m aterial in forested stream s. N either the rates of degrada-

tion nor the m echanism s of breakdow n in w ater have received m uch


attention, but it is apparent that w ood decays m ore slow ly in w ater than


on land. R egulation of terrestrial w ood decom position rate by arthropods
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and annelids has been reported by A usm us (8) and Sw ift (143). T hey view 


the m ajor role of invertebrates as regulating the decom position in w ood via


four m echanism s: 

(a) 

translocation of nutrients from  distant feeding sites


and subsequent defecation in w ood; 

(b) 

passive translocation of m icrobial


cells 

and spores into w ood 

channels; (c) 

regulation of m icrobial succession,


catabolism  rate, and nitrogen fixation rate at m icrosites w ithin w ood chan-

nels; and (d) 

increased cation and anion exchange capacity of w ood, w hich


results in increased probability of nutrient interruption and decreased prob-

ability of nutrient loss. M any of these sam e m echanism s probably occur in


the processing of w ood in lotic habitats. U nlike the terrestrial system  w here


m oisture is a controller of decom position, w aterlogging restricts the pro-

cessing in stream s to the surface layers. M ost of the feeding by invertebrates


w ill be associated w ith the m icrobially conditioned surface layer.


A nderson et al (6) proposed a general schem e of w ood processing by


invertebrates in sm all stream  ecosystem s. Invertebrate im pact m ay be sim i-

lar to that of shredders that process leaf litter in terrestrial and aquatic


habitats w hen the full decom position cycle of w ood debris is considered.


T hat is, a 

1%  

consum ption per year w ould result in the sam e im pact in a


20-year period required for w ood disappearance as the 10-20%  of the


annual degradation attributed to invertebrates for leaf litter on the ground


or in stream s (29, 58, 124, 134).


W ood feeding by aquatic insects has been reported for species of caddis-

flies, stoneffies, craneflies, m idges, and beetles (19, 68, 71, 87, 95, 131, 144,


166). A bout 40 taxa w ere recorded in our study of invertebrates associated


w ith w ood in w estern O regon stream s (6). W ood quality or texture is


im portant for colonization by invertebrates (6, 19, 131). T his is influenced


by the species of w ood, degree of w aterlogging, and the soundness or decay


class. A lthough softness 

can be due to 

the period of subm ergence, it is m ore


com m only related to the condition of the w ood w hen it fell into the w ater.


Thus the am ount of m ycological invasion and attacks by w ood borers in the


terrestrial habitat m ay have considerable influence on its attractiveness in


the stream  and on its rate of degradation. A quatic xylophages associated


w ith various types, or textures, of w ood include the follow ing: the m idge,


B rillia 

sp., an early colonizer of phloem  on new ly fallen branches; the elm id,


Lara avara 

and the caddisfly, 

H eteroplectron californicum , 

as gougers on


firm , w aterlogged w ood; and the craneffies, 

Lipsothrix 

spp., in w ood that


is in the latest stages of decom position (6).


A ssim ilation efficiencies of aquatic xylophages are presum ed to be low ,


as there is little evidence of direct utilization of w oody tissue for nutrition.


A  sym biotic gut flora has not been dem onstrated for 

L. avara or 

H . califor-

nicum  

(6). Further w ork in this line is needed because gut sym bionts are


im portant in nitrogen fixation and cellulose digestion by w ood borers in
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both m arine and terrestrial habitats (17, 22, 55, 100). B ased on studies of


L . 

a va ra  

it w as suggested that strategies for exploitation of the low -quality,


nitrogen-poor w ood substrates w ill likely include slow  grow th rates and


long life cycles (6).


T he indirect role of invertebrates in feeding on senescent m icroflora,


exposing m ore surface area, and spreading fungal spores are additional roles


that invertebrates play in the processing of w ood (6, 8, 143). Particles


abraded by feeding and other activites, as w ell as the feces egested, all


becom e part of the FPO M  pool and potential food for collectors.


W ood as H abitat and H abitat M odifier


T he refractory properties of w ood, especially the large bole w ood, result in


this m aterial providing a m ajor elem ent of stability in sm all stream  system s.


T he physical buffering capacity, habitat form ation, and invertebrate re-

sponse to large w ood inputs, based on O regon C ascade R ange stream s, are


illustrated in Figure 1. A bout 25%  of the area of the stream  bed in very


sm all stream s is com posed of w ood, and another 25%  is organic debris and


sedim ents stacked up behind the w ood residues. A s a result, half of the


stream  habitat is either w ood or w ood-created habitat. In third- to fourth-

order stream s, only about 12%  of the area is occupied by w ood, and a


sim ilar am ount is w ood-created habitat (Figure 1). In this size of stream ,


about 75%  of the stream  bed is m ineral substrates. T he role of w ood in


larger stream s (> fourth order), both as habitat and as habitat generator,


is greatly dim inished because the stream  pow er is sufficient to deposit w ood


near shore or on the bank (142).


First- and second-order stream s have the greatest am ount of w ood-

associated habitat area but a low  standing crop of invertebrates. Shredders


and gougers are the m ajor functional groups w hereas grazers are uncom -

m on (Figure 1). T hese stream s also have a large proportion of collectors


associated w ith the FPO M  in debris-created habitats. D espite the high


gradient of first-order stream s (30-50% ), harpacticoid copepods are the


m ost num erous invertebrates (J. R . Sedell, unpublished data), but their


im pact in turnover from  FPO M  has not been determ ined.


There is a greater diversity of both functional roles and species of inverte-

brates in third- to fourth-order stream s. B iom ass is also increased, as is


indicated by the size of circles (Figure 1). T he grazers, and rasping inverte-

brates such as snails, m ay m ake a significant contribution to the FPO M  pool


by their consum ption of periphyton and the surface of w ood debris.


A  potential approach that could provide significant insight into the pro-

cessing capabilities of the stream 's biota w ould be to com pare the quality


and particle size of FPO M  on the stream  bottom  w ith the quantity and


quality of FPO M  inputs and exports from  a stream  reach. O f the tw o m ajor
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types of organic inputs, leaf litter is characterized by a turnover m easured


in m onths, w hereas the turnover tim e of w ood debris is at least years and


m ay be decades. T he product of both substrates is FPO M , w hich is further


processed by 

m icrobes and invertebrates. B oth w ood and F P O M  in sm all


stream s are considered refractory, but they function differently. W ood effec-

tively buffers the system  physically (through habitat form ation) and, to a


lesser extent, m etabolically (as a source of reduced carbon), although its


contribution  of F P O M  m ay b e substantial. O n  the other hand, F P O M 


buffers the system  m etabolically, but 

not physically, because it is readily


exported. In fact, FPO M  is the m ajor particulate export to dow nstream 


reaches.


(I-2  O R D E R )


V E R Y  S M A L L  S T R E A M S 


(3 -4  O R D E R )


S M A L L - IN T E R M E D IA T E  S T R E A M S 


M IN E R A L  S U B S T R A T E 


(B E D R O C K , B O U L D E R S , C O B B L E S , O R  A V E L  .E T C .)


W O O D  D E B R IS  C R E A T E D  H A B IT A T 


L -7 1 4  

W O O D  H A B IT A T 


Figure 1 

Schem atic representation of the relative abundance of habitat types and associated


invertebrates in first- and second-order and third- and fourth-order forested stream s.
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FA C T O R S IN FLU E N C IN G  A V A ILA B ILIT Y 


A N D  U TILIZ A T IO N  O F FPO M  BY  C O LLE C TO R S


FPO M  is reutilized m any tim es w ithin the benthic food chain. The process


of energy conservation or strategy that increases the efficiency of nutrient


recycling w ithin the system  has been term ed spiraling (160). A ctivities of


the biota tend to counteract the export and losses of nutrients that are an


inevitable consequence of the unidirectional flow ; system s that process m a-

terials efficiently are said to have "tighter" spirals than those that export


m uch of it to dow nstream  reaches.


Fine particles are produced in several w ays: by physical abrasion (w ith


m icrobial activity increasing the rate); by the direct enzym atic activity of


m icrobes; by the feeding activites of invertebrates, both through egestion


and fragm entation; and by flocculation of D O M  (92). D irect input of


FPO M  due to runoff and resuspension w ill also increase its availability to


the fauna. The range of food quality available to collectors is possibly even


greater than that for shredders. A t this stage of degradation the source or


identity of particles m ay be difficult to discern, as FPO M  is a com bination


of shredded riparian m aterial, feces, autochthonous m acrophytes, algae,


and a com ponent of live and dead m icrobes. B enthic deposits generally


contain less organic m atter than does the suspended m aterial. In the R iver


Tham es, the organic m atter w as seston (20-80% ), epiphytic detritus (40% ),


and bottom  sedim ents (15% ) (15). In the R iver Lam boum , the seston w as


30-90%  organic m atter com pared w ith only 11-12%  in the easily sus-

pended fraction of the bottom  deposits (133).


N et-spinning caddisffies partition the FPO M  resource through variations


in m esh dim ensions, differences in m icrodistributional patterns of the nets,


and tem poral variation in net construction (156). T he m ean particle size of


detritus in the gut is correlated w ith the m esh openings of the capture net


(96, 154, 155). H eadw ater stream  caddisffies exploit a w ider spectrum  of


particle sizes, but in both large and sm all stream s the nets of fine-particle


feeders have sim ilar-sized apertures. The guts of 

A rctopsyche irrorata 

from 


headw aters contained a considerable com ponent of anim al m aterial as w ell


as recognizable leaf fragm ents, w hereas guts of the large river species,


H ydropsyche incom m ata, 

contained am orphous detritus, w hich W allace,


W ebster &  W oodall (156) believed to be fecal m aterial that had been in-

gested and egested several tim es during dow nstream  transport, as w ell as


aggregates derived from  D O M .


The filter feeding of black fly larvae has been extensively investigated (23,


50, 138, 152). G enerally they are considered nonselective feeders, except for


an appropriate size of particles. Particles ingested are com m only in the


range of 10-100 ktm  (23, 138). R ecent w ork w ith m oorland black flies has
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indicated that over 

half of the m aterial ingested by som e species is less than


1 ihm  in length (167). T he dense populations of black fly larvae at lake


outfalls has been attributed to the rich food supply of plankton (93, 152),


but in m ost stream s and rivers the dom inant m aterial ingested is detritus


(23, 84, 138), or suspended clay and m ineral particles along 

w ith the asso-

ciated m icrobes (50, 52).


C arlsson et al (21) have show n that the species com plex of 

black fly larvae


at lake ou tfalls in  L apland  occu r in  d en ser aggregation s an d  h ave faster


grow th than the sam e species or other species further dow nstream . P hyto-

plan kton  an d  coarse d etritus (> 2 iim ) 

occurred 

in sim ilar am ounts in all


reaches, so they concluded that sm all particles, from  2 

pm  dow n to colloidal


size, w ere the resource that m aintained the huge larval aggregations at the


lake outlet. T his m aterial is 

produced by decom position on the lake bottom 


in w inter and is w ashed into the river during ice m elt.


Studies of Sim ulium  

spp. in an E nglish chalk stream  indicate the m agni-

tude of processing by filter feeders in 

a system  w here decayed m acrophytes


provide a m ajor com ponent of the suspended  detritus (83, 84). G ut filling


tim es w ere determ ined  to be 20-30 m in. 

A s food is passed so rapidly that


there is little tim e for digestion, several authors 

have suggested that the


nutritional value is derived prim arily from  "stripping" bacteria from  refrac-

tory particles, but B aker &  

B radnam  (9) calculated that som e of the energy


intake is directly from  the detritus. L adle, B ass 

&  Jenkins (84) used an


assim ilation efficiency of 5%  for calculating the energy transform ation in


the chalk stream . A t peak densities in the sum m er (80 X  10

6 for a 200-m 


stream  reach), they calculated that 

1246 kg of solids w ere ingested to


produce 7 kg of black fly tissue. O n a daily basis (per 

m 2) 

this w as 12.8 g


ingested, 0.64 g assim ilated, and 0.066 g of production. A ssum ing no input


of m aterial other 

than that carried by the inflow ing w ater, and excluding


reingestion of feces, they calculated a theoretical distance for com plete


rem oval of the suspended solids by black fly filtering to be in the order of


0.6 km .


B enthic organism s that feed by pum ping suspended particulates (e.g.


bivalves, C hironom us), 

or deposit feeders such as oligochaetes or H yallela,


occur in lentic habitats or areas of stream s and rivers w ith reduced current.


D ata on detrital feeding by these taxa is m ostly from  m arine or lake studies,


but it should also be applicable to lotic habitats (38, 46, 62-64, 101, 117).


B enthic deposits are ingested and stripped of m icrobes and reutilized several


tim es. F or exam p le, th e tu b ificid  fau n a of T oron to H arb or w as calcu lated 


to ingest the top  20-m m  layer 4-12 tim es per year (7). T he snail 

P otam opyr-

gus jenkinsi, w hich occurs in chalk stream s at densities of 50,000 per 

m 2,


feeds on organic m aterials in the m ud. A ssim ilation efficiency is only about


4% , and a field population w as estim ated to produce 140 g of feces/m 2/day
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(67). These investigations indicate the trem endous im pact invertebrate pop-

ulations can have in altering and processing FPO M .


H argrave (65) attributes invertebrate feces w ith a central role in sedim ent


decom position. B acteria are relatively sparse on detritus until it is passed


through invertebrate guts; it is then rapidly colonized by successions of


m icroorganism s, w ith m axim um  activity w ithin 2-3 days. R ew orking of


sedim ent and detritus by invertebrates thus provides space for further m i-

crobial activity. H argrave stressed the need for quantifying the role of feces


in detritus-based com m unities and supports the suggestion (77) that fecal


pellets be treated as organism s.


R adiophosphorous-labeled alder leaves w ere used to dem onstrate the role


of the shredder 

Pteronarcys californica on nutrient availability to the collec-

tors H ydropsyche and Sim ulium  

(136). C om pared w ith controls w ithout


shredders, there w as a 35-100%  increase in 32

P in the experim ental trials


for H ydropsyche and a 600-700%  increase for 

Sim ulium .


T he low  food quality of FPO M  detritus prevents m ultiple generations of


the m idge Paratendipes albim anus in M ichigan stream s (158). T he field


grow th pattern is characterized by discontinuous increases in biom ass,


separated by intervals w hen no grow th occurs. G row th periods correlated


w ell w ith m icrobial densities, m easured by A T P activity and respiration.


L ack of grow th in m id-spring and sum m er appeared to be related to low 


food quality. C onditioned leaf fragm ents of hickory and oak produced


laboratory grow th rates 1.3-3 tim es greater than did 

Tipula feces or native


detritus collected from  the stream . T he feces produced higher grow th rates


than did the detritus. T he conditioned leaf particulates w ere considered to


be a fresh detritus of high quality w ith a short potential stream  residence


tim e, w hereas native detritus w ould have a long residence tim e. In the


natural environm ent then, the native detritus w ould provide collectors


w ith an abundant but low -quality food source during m ost of the year,


but inputs of fresh leaves are required to achieve spurts of rapid grow th


(158).


C O N C L U D IN G  R E M A R K S


In 1970, H ynes (72) concluded his review  of stream  insect ecology w ith the


statem ent that the role of allochthonous organic m atter in the nutrition of


aquatic insects w as alm ost uninvestigated. T he literature citations given


here for the last decade indicate that stream  biologists have heeded H ynes'


suggestion to explore this area. T he significance of detritus in stream s is now 


w ell docum ented, and a conceptual fram ew ork for organic m atter process-

ing has evolved. T his fram ew ork has lead to process-oriented m athem atical


m odels of stream  com m unity m etabolism  (105), detritus processing (16),
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and a stream  ecosystem  m odel that includes the processes of shredding,


grazing, collecting, and predation (106). T hese m odels are a significant step


tow ards an understanding of stream  processes, especially in pointing to


areas of research that need attention. Q uantification of m ost of the processes


involved in detritus degradation is either lacking or still 

very crude, and field


m easurem ents are currently inadequate 

to provide satisfactory validation of


the stream  m odel processes.


T he role of m acroinvertebrates in detritus degradation in stream s is still


not w ell defined. T he am ount that shredding enhances litter losses seem s


to be quite variable, depending both on environm ental and leaf characteris-

tics. T he regulatory role of 

decom position rates of w oody debris by inver-

tebrates is virtually unknow n. T hus, further w ork in a range of geo-

graphic situations and use of standardized techniques for 

field studies is


w arranted.


Specific areas that w e believe need further attention include the factors


affecting food quality of detritus, and the effects of food quality in the


dynam ics of invertebrate populations. It is obvious, but needs to be em pha-

sized, that population sam pling techniques are not yet satisfactory for


benthic invertebrates. W ood debris represents a large fraction of the organic


m aterial in m ost stream s. T he strategies of exploitation of this refractory,


low -quality food source need further investigation. M echanism s of nitrogen


enrichm ent of this m aterial w ould seem  to be im portant. Finally, the dy-

nam ics of m icrobial populations is central 

to 

both degradation and to


exploitation of detritus. T his subject needs to be investigated by 

ecologists


trained in  m icrobiological and  biochem ical techniques.


F uture w ork m ay w ell concentrate on 

m anagem ent im plications of de-

tritus in stream  system s. C urrently, the effects of addition, or rem oval, of


detritus from  stream  ecosystem s are largely' speculative. H ow ever, it is


apparent that logging 

and stream  cleanup both 

influence channel m or-

phology and the stream  biota. D ebris rem oval m ay reduce the diversity of


available habitats and m ay also lead to channelization (142). C hanneliza-

tion, coupled w ith shorter forest rotation, m ay 

keep the stream  perpetually


cleaned and unstable, both physically and biologically. U nder these condi-

tions the role of the stream  biota in utilizing and recycling 

nutrients w ithin


the w atershed w ould seem  to be m inim ized.
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