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 Abstract. Linking species and ecosystems is currently one of the great challenges in
 ecology. To this end, we assess here the contributions of bacteria, fungi, and detritivorous
 invertebrates (shredders) to leaf litter breakdown, a key ecosystem-level process. We en-
 closed alder (Alnus glutinosa) and willow (Salix fragilis) leaves in coarse-mesh bags (5 g
 dry mass), placed them in a stream during peak leaf fall, and retrieved them periodically
 to determine leaf mass remaining and the biomass of leaf-associated organisms. Shredder
 biomass was derived from numbers and length-mass relationships, bacterial numbers and
 biomass were determined by epifluorescence microscopy, and fungal biomass was measured
 as ergosterol. In addition, conidial production of aquatic hyphomycetes was determined.
 Leaves decomposed rapidly with exponential breakdown coefficients k of 0.035 d-' (alder)

 and 0.027 d-1 (willow). Leaves were also quickly colonized within the first 4 wk of de-
 composition, when shredder biomass reached 263 and 141 mg dry mass/litter bag, respec-
 tively. Maximum bacterial numbers (5.6 and 4.8 X 1010 g-' detrital dry mass) were attained
 after 8 wk and corresponded to a biomass of 3.6 (alder) and 3.1 (willow) mg dry mass/g,
 <5% of the maximum fungal biomass (77 and 70 mg dry mass/g, respectively). Aquatic
 hyphomycetes released up to 2.7 and 1.4 X 106 conidia-g-'-d-', equivalent to a daily conidial
 production of 9.4 and 2.9 mg dry mass/g on alder and willow, respectively. Calculations
 based on the measured decomposer biomass and conidial production, published microbial
 growth efficiencies, turnover times, and shredder feeding rates indicate that shredders ac-
 counted for the largest portion of overall leaf mass loss (64% and 51 % on alder and willow
 leaves, respectively), fungi contributed at least 15% and 18%, and bacterial contribution
 also was estimated to be substantial (7% and 9%). Analyses of elemental flows from
 allochthonous leaf litter thus clearly require a quantitative consideration of the complex
 decomposer consortium responsible for leaf decomposition.

 Key words: Alnus glutinosa; Black Forest, Germany; decomposition; fungi; invertebrate shred-
 ders; leaf litter; microorganisms; organic matter; Salix fragilis; stream.

 INTRODUCTION

 Linking species and ecosystems has been identified

 as a major challenge to contemporary ecology (e.g.,

 Jones and Lawton 1995, Cardinale et al. 2000). There

 are many ways to meet this objective. One way consists

 of assessing the effects of community attributes (e.g.,

 species richness) on ecosystem-level processes, such

 as primary production, litter decomposition, or nitro-

 gen mineralization and release (Tilman 1999, Hector

 et al. 2000, Jonsson and Malmqvist 2000, Emmerson

 et al. 2001). Quantifying the roles of individual species

 or functional groups in these processes is another ap-

 proach.

 Decomposition of plant litter is a central ecosystem

 process in a wide range of terrestrial and benthic aquat-

 ic systems, including streams, littoral zones of lakes,

 and coastal marine environments (e.g., Cadisch and
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 Giller 1997, Gessner et al. 1997, Webster et al. 1999).

 Headwater streams resemble forest floors in this respect

 (Wagener et al. 1998), owing to their strong dependence

 on allochthonous litter inputs from the riparian vege-

 tation (Wallace et al. 1997, Webster and Meyer 1997).

 However, in contrast to forests, leaf litter in streams

 forms discrete resource patches (leaf packs), which lack

 a vertical structure and lend themselves to manipula-

 tion. The biotic assemblages associated with these

 packs are considerably less complex than in soils, and

 both their fungal and animal components can generally

 be identified. Decomposition also proceeds much more

 rapidly in running waters. These features make leaf

 litter in streams an attractive model system for dis-

 cerning patterns and mechanisms driving decomposi-

 tion in natural environments, and fof assessing the roles

 that organisms play in these processes.

 Leaf litter breakdown is the result of physical (leach-

 ing, abrasion, fragmentation) and biological minerali-

 zation and transformation processes, resulting in the

 generation of CO2 and other inorganic compounds, dis-
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 solved (DOM) and fine-particulate organic matter

 (FPOM), and decomposer biomass (Webster and Ben-

 field 1986, Suberkropp 1998, Gessner et al. 1999). The

 organisms that drive these processes include detriti-

 vorous macroinvertebrates called shredders (Wallace

 and Webster 1996), bacteria, and filamentous fungi

 such as aquatic hyphomycetes (BWrlocher 1992, Maltby

 1992, Suberkropp 1998). There is evidence that all

 three groups play a significant role in the litter break-

 down process (Anderson and Sedell 1979, Webster and

 Benfield 1986, Boulton and Boon 1991, Maltby 1992,

 Suberkropp 1992a, 1998, Gessner et al. 1997, 1999),

 but the relative importance of shredders, bacteria, and

 fungi, and the factors controlling possible shifts in

 dominance are not clear.

 The conventional approach to partition the effects of

 shredders and microorganisms has been to compare the

 breakdown of leaf litter enclosed in fine mesh bags,

 which preclude shredder access to leaves, with that of

 leaves placed in coarse mesh control bags (Boulton and

 Boon 1991). A limitation of this shredder exclusion

 technique is the possible unnatural reduction of phys-

 ical leaf fragmentation and abrasion in fine mesh bags.

 Furthermore, water circulation patterns may be altered

 within fine mesh bags, leading to sediment trapping

 and impeded exchange of dissolved nutrients and ox-

 ygen. Shredder exclusion may also affect litter break-

 down indirectly by altering the structure of microbial

 decomposer assemblages (Howe and Suberkropp

 1994). Comparing leaf breakdown in insecticide-treat-

 ed and corresponding reference streams is an elegant

 alternative to the use of fine and coarse mesh bags

 (Cuffney et al. 1990). However, for environmental rea-

 sons, this approach is only feasible in exceptional cas-

 es. A third approach is to estimate the feeding activity

 of shredders associated with decomposing leaves in the

 field, based on consumption rates in feeding trials con-

 ducted under controlled conditions (Webster 1983).

 None of the approaches above is capable of distin-

 guishing between bacteria and fungi involved in the

 breakdown process. Theoretically, their respective

 roles may be assessed by measuring respiration rates

 of decomposing leaves following the addition of se-

 lective inhibitors (Padgett 1993). Only a few studies

 have used this method, however (Kaushik and Hynes

 1971, Padgett 1976), probably because it is fraught

 with potential pitfalls (Oremland and Capone 1988).

 One possible alternative consists of deducing microbial

 degradative activity from information on microbial

 productivity (Baldy et al. 1995, Gessner et al. 1999).

 The rationale behind this approach is that microbial

 growth on leaf litter requires assimilation of low mo-

 lecular mass compounds made available by litter deg-

 radation, and that a relatively constant fraction of the

 assimilated leaf material is used for microbial biomass

 production.

 The present study was set out to depict the decom-

 position dynamics of leaves in a stream and to elucidate

 TABLE 1. Physical and chemical characteristics of the Stei-
 na, Black Forest, during the experimental period from Oc-
 tober to December 1996.

 Parameter N Mean Range

 Watershed area (kM2) 20.5
 Discharge (m3/s)t 0.3 0.1-2.0
 Water temperature (0C)t 4.7 0-8.9
 Conductivity (piS/cm; at 20'C) 10 85.6 75.2-98.4
 Alkalinity (mmol/L) 14 0.54 0.37-0.64
 pH 14 6.6 6.4-7.1
 02 (mg/L) 4 12.1 11.4-12.7
 NH4-N (jig/L) 12 19.11 0.2-61.5
 N03-N (,ug/L) 12 677 603-757
 SRP (,ug/L) 12 15.8 9.3-22.7t

 Notes: SRP = soluble reactive phosphorus; N = number
 of measurements.

 t Continuous records.
 t 183 ,ug/L on day 28 at the upstream site.

 the pattern and magnitude of leaf colonization by ma-

 croinvertebrates, bacteria, and fungi. Information on

 litter-associated decomposer biomass and fungal spore

 production was then used in conjunction with accounts

 of shredder feeding rates and microbial growth effi-

 ciencies and turnover times to assess the quantitative

 contribution of the different decomposer groups to

 overall leaf breakdown.

 MATERIAL AND METHODS

 Study site

 The study was conducted in a third-order reach of

 the Steina, a softwater stream located in the southern

 Black Forest, Germany (8?19' E, 47?48' N). The Steina

 drains a catchment underlain mostly with crystalline

 bedrock. Managed conifer forests dominated by spruce

 (Picea abies L.) cover 88% of the catchment. The study

 reach was located -10 km downstream of the source

 at an elevation of 700 m above sea level. The channel

 slope was 1.6%, the width of the channel was 4-6 m,

 and the average water depth in riffles was -10 cm at

 baseflow. The stream bottom consisted primarily of

 cobble, pebble, and some boulders. Following a 100-

 yr flood in 1990, the banks and stream bottom of a

 reach upstream of the study reach were moderately

 reinforced. A narrow strip of woody riparian vegetation

 separated the channel from the adjacent meadows of

 the flood plain. Alder (Alnus glutinosa (L.) Gaertn.)

 and willow (Salix fragilis L.) were the dominant ri-

 parian species, but various other trees and shrubs were

 also present, together forming a closed canopy along

 most of the stream length. Table 1 summarizes selected

 physical and chemical characteristics of the Steina dur-

 ing the study period. Meyer et al. (1990) provide a

 more detailed account of the stream and its catchment.

 Field methods

 Leaf litter of the predominant riparian tree species,

 alder (A. glutinosa) and willow (S. fragilis), was col-

 lected at the study site on 17 October 1996. Leaves
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 were picked from the ground just after abscission. Por-

 tions of 17.0 ? 0.2 g (mean ? range) for alder and

 15.0 ? 0.2 g for willow were weighed fresh in the field

 and placed in nylon mesh bags (100 X 55 X 70 mm

 sides; 9-mm effective mesh size) that were supported

 by a rigid wire construction (Gessner 1991). A total of

 140 leaf packs were constructed. Ten randomly chosen

 packs of each leaf species were set aside and directly

 returned to the laboratory, where they were dried and

 weighed to determine initial leaf dry mass. The initial

 dry mass of alder and willow leaf packs was 5.2 ? 0.1

 g (mean ? SD) and 4.5 ? 0.1 g, respectively. The

 remaining packs were each tied to a brick and secured

 in the stream with rebars such that the leaf blades faced

 the current (Gessner 1991, Gessner et al. 1991). Leaves

 of both species were each exposed at two sites sepa-

 rated by 700 m. After 1, 3, 7, 14, 28, and 55 d of

 submersion, five packs of each leaf species were ran-

 domly retrieved at both sites, placed in polyethylene

 bags half-filled with stream water, and returned to the

 laboratory in a cool box.

 Leaf mass loss

 In the laboratory, leaves were carefully removed

 from their bags and individually rinsed with filtered

 lake water to remove adhering debris and invertebrates.

 The slurry was passed over a 300-gm mesh screen and

 the invertebrates retained by the screen preserved in

 70% ethanol. Two similar discs (10 mm diameter) were

 cut from each of 10 leaves or leaf pieces from each

 pack using a cork borer. The first set of 10 discs was

 preserved in 5 mL of 2% formalin and stored at 40C
 for later determination of bacterial numbers and bio-

 mass. The second set was dried to constant mass at

 60'C before weighing to the nearest 0.1 mg. These discs
 were assumed to have the same mass as those used for

 bacterial counts. Four willow leaves and three alder

 leaf halves also were removed to determine sporulation

 rates of aquatic hyphomycetes. The remaining leaf ma-

 terial was frozen at - 1 8'C, later freeze-dried, weighed
 to the nearest milligram, and ground with a Retsch

 centrifugal mill (Model ZM1, Retsch GmbH, Haan,

 Germany) to pass a 0.5-mm mesh screen. Grinding did
 not result in notable heating of the samples. Subsam-

 ples of the ground leaf material (-100 mg) were ashed

 at 5500C to determine ash-free dry mass (AFDM). Total
 leaf mass remaining (dry mass and AFDM) was then

 calculated as the sum of the mass of the bulk leaf ma-

 terial, twice the mass of the dried leaf discs, and the
 mass of the dried leaf pieces used to determine fungal

 sporulation.

 Macroinvertebrates

 The preserved invertebrates were sorted under a dis-

 secting microscope, identified to the lowest possible

 taxon, counted, and their body lengths measured to the

 nearest 0.1 mm using an eyepiece micrometer. Taxa

 were assigned to functional feeding groups according

 to various literature sources including Moog (1995) and

 Merritt and Cummins (1996). Macroinvertebrate bio-

 mass was estimated by means of body-length dry-mass

 relationships, which in most cases had been established

 with specimens collected in the Steina (Meyer 1989,

 Burgherr and Meyer 1997, Benke et al. 1999). Because

 the initial dry mass of alder and willow leaf packs

 differed, data were normalized to a standard initial

 mass of 5 g.

 Fungi

 Fungal biomass was estimated as ergosterol content

 (Newell 1992, Gessner and Newell 2002). Analyses

 were performed following a modification of the pro-

 cedures described by Gessner and Schmitt (1996). Brief-

 ly, ergosterol was extracted from 50 mg of freshly ly-

 ophilized and ground leaf material by heating in al-

 kaline methanol (30 min, 80'C, tightly closed screw-
 cap tubes) with stirring. After purification of the extract

 by solid-phase extraction (SPE) and high-performance

 liquid chromatography (HPLC), ergosterol was quan-

 tified by measuring absorbance at 282 nm. The HPLC

 column was a LiChrospher-100-RP18 (250 mm length,

 4-mm inner diameter, 5-pLm particle size, Merck, Die-

 tikon, Switzerland) maintained at 330C with a water

 jacket that was connected to a water bath. Ergosterol

 eluted after 8 min. Ergosterol was converted to fungal

 biomass using a conversion factor of 182 mg fungal

 dry mass/mg ergosterol (Gessner and Chauvet 1993,

 Gessner and Newell 2002).

 The leaves or leaf pieces retained for determining

 sporulation rates of aquatic hyphomycetes were placed

 in 250-mL Erlenmeyer flasks containing 50 mL of fil-

 tered (0.45-jirm pore size) stream water and incubated
 for 42 h at 10'C with gentle shaking. After incubation,

 the leaf material was removed from the flasks, rinsed,

 and dried at 60'C (3 d) to determine leaf dry mass. The

 stream water including the conidia of aquatic hypho-

 mycetes was preserved in formalin (2% final concen-

 tration) and stored until analyzed. Species composition

 and densities of the conidial suspensions were deter-

 mined at a magnification of 200X after filtering known

 volumes over membrane filters (5-pLm pore size) and

 staining the trapped conidia with 0.02% trypan blue in

 lactic acid (Gessner et al. 1998). Sporulation rates were

 converted to conidial production based on conidial dry

 mass determined for individual species (Barlocher and

 Schweizer 1983, Gessner and Chauvet 1994, Chauvet

 and Suberkropp 1998); in a few species, whose specific

 conidial mass was unknown, values from species with

 spores similar in size and shape were used.

 Bacteria

 Bacterial numbers and biomass were determined by

 epifluorescence microscopy after detachment of bac-
 teria from formalin-preserved leaf discs and staining

 with DAPI (4',6-diamidino-2-phenylindole). Leaf discs
 were cut 2-3 times with scissors before 5 mL of filtered
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 FIG. 1. Dry mass remaining of alder (solid circles) and

 willow (open circles) leaf packs decomposing in a third-order
 reach of a Black Forest stream. Error bars indicate 95% con-

 fidence intervals calculated from 10 replicate leaf bags.

 (0.2-pLm pore size) and autoclaved water was added to

 samples. The leaf pieces were then homogenized with

 an Ultra Turrax blender (Janke and Kunkel GmbH and

 Company KG, Staufen, Germany). A treatment of 3.5

 min proved sufficient to obtain homogeneous slurries

 from alder leaf discs, but 5.5 min was required for

 willow leaves. Samples were kept on ice during ho-

 mogenization. The resulting slurry was passed through

 a 250-pLm mesh screen to remove larger leaf pieces.

 The screen and the retained debris were rinsed four

 times with -5 mL filtered (0.2-pLm pore size) and au-

 toclaved water, and the filtrate made up to a final vol-

 ume of 30 mL. Leaf homogenization and filtration were

 carried out in a clean bench to minimize post-sampling

 contamination. Blanks were carried through the whole

 procedure.

 Staining and subsequent microscopy were carried out

 under red light to minimize loss of fluorescence. A 10-

 100 ILL subsample of the bacterial suspension was

 transferred to a tube and the volume brought to 10 mL

 with filtered and autoclaved water. Next, 100 ILL of a

 DAPI solution (0.5 mg/mL) was added (final concen-

 tration of 1-5 mg/L) and allowed to stain cells for 5

 min before the liquid was transferred to a filter funnel

 and gently sucked through a black polycarbonate filter

 (0.2-[Lm pore size, Nuclepore) underlain by a cellulose
 nitrate backing filter (0.45 [lm, Sartorius) (Fry 1990).

 The bacteria trapped on the filter were counted under

 a Zeiss Axiolab microscope (filter set no. 02: G 365,

 FT 395, LP 420, Carl Zeiss AG, Feldbach, Switzerland)

 at 1O00X magnification. Twenty microscopic fields

 were viewed per filter, corresponding to a total of about

 400 counted cells (Kirchman 1993). The encountered

 bacteria were assigned to one of several classes defined

 by color, shape, and size (Table 2). The length (L) and

 width (W) of randomly chosen cells of each class were

 measured to calculate cell biovolume (V) according to

 the equation V = ('l/4) X W2 X (L - W/3) (Bratbak

 1993). The average biomass of each class was deter-

 mined by converting bacterial bioyolume to carbon (C)

 according to the empirically determined relationship C

 89.6V 59, where V is given in cubic micrometers and

 C in femtograms (Simon and Azam 1989), and con-

 verting bacterial carbon to biomass under the assump-

 tion that carbon was 50% of bacterial dry mass. The

 resulting carbon densities are intermediate between

 those derived from the allometric relationship proposed

 by Theil-Nielsen and S0ndergaard (1998) and recent

 values obtained with a range of other approaches (Fa-

 gerbakke et al. 1996, Loferer-Krol~bacher et al. 1998,

 Pelegrf et al. 1999).

 Theoretical framework

 The overall biological breakdown of leaves was as-

 sumed to be a function (g) of shredder (s) feeding, and

 fungal (f ) and bacterial (b) assimilation of litter con-

 stituents. In its most general form, this relationship can

 be written as

 dm
 dm = -gs(m, Bs) - gf(m, Bf) - gb(m, Bb) (1)

 where m is the dry mass of leaf litter, t is the elapsed

 time after litter input to the system, and B is the biomass

 of shredders, fungi, and bacteria, respectively. Al-

 though this approach makes a number of simplifying

 assumptions, notably the neglect of trophic and com-

 petitive interactions, it is a useful first approximation

 of the mechanisms operating in nature.

 Litter mass loss due to shredder feeding depends on

 the relative consumption rate (feeding rate per unit

 body mass) and biomass of shredders present per litter

 TABLE 2. Cell dimensions and biomass of major bacterial morphotypes including yellow rod-
 shaped particles (small yellow rods) and cell chains associated with decomposing leaves in
 a Black Forest stream.

 Range of Median Average Number
 Range of Range of volume volume biomass mea-

 Morphotype length (jim) width (jim) (1im3) (1jm3) (fg) sured

 Cocci 0.6-1.0 0.6-1.0 0.13-0.52 0.18 65 9
 Small rods 1.0-2.0 0.5-1.0 0.16-1.70 0.55 126 285
 Small yellow rods 1.3-2.0 0.5-1.0 0.22-1.54 0.66 141 48
 Large rods 3.0-4.5 0.5-1.5 0.48-4.86 1.83 256 69
 Thin elongate cells 3.0-16 0.3-0.7 0.21-5.68 1.49 227 64
 Cell chains 4.0-11 0.7-1.5 2.15-24.4 8.72 643 47
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 bag (Bs). This relationship can be written as follows:

 m

 gs(m, Bs) = mP+ Bs (2)

 where up is the maximum feeding rate (relative con-

 sumption rate) and c is a constant that is small com-

 pared to the initial leaf mass (e.g., 0.1% of m). The

 term m/(m + c) accounts for the fact that feeding ceases

 when the leaf mass remaining approaches zero.

 Fungal assimilation of leaf constituents is related to

 the gross growth rate of fungi (pf), the fraction of as-
 similated leaf material converted to fungal biomass

 (i.e., fungal growth efficiency, sf), and the fungal bio-
 mass present per litter bag, which in turn is the product

 of biomass concentration (Bf; milligram fungus per

 gram leaf material) and the amount of leaf material

 remaining. Thus,

 gf(m, Bf) = (1?f)B m (3)
 6f

 The same basic relationship applies to the bacteria.

 In the absence of interactions among litter-associated

 organisms, the overall rate of leaf breakdown is thus

 given by the equation

 dt (m + c s E) f m Q) Bbm. (4)

 Physical losses can be expressed in a similar way,

 but were simply assumed here to be the difference be-

 tween the total loss of leaf mass and the sum of bac-

 terial, fungal, and shredder-mediated mass losses.

 Statistics

 Litter mass loss data were fit to the simple expo-

 nential model

 Mt = MO X ekt (5)

 where mt is the dry mass remaining at the time t, mO
 the estimated initial dry mass, and k the breakdown

 rate coefficient. This model assumes that the mass loss

 at any given time is directly proportional to the litter

 mass present. Regressions were calculated using non-

 linear iterative fitting procedures.

 Two-way analysis of variance (ANOVA) with leaf

 species and sampling location (upstream vs. down-

 stream site) as factors was initially used to test for
 differences in the maximum numbers and biomass of

 total macroinvertebrates, shredders, and bacteria, as

 well as for fungal biomass and sporulation rates and

 conidial production of aquatic hyphomycetes. Bacterial

 and fungal sporulation data were ln(x + 1) transformed

 before analyses. Because none of the tested parameters

 showed significant differences between sites, data from

 the upstream and downstream site were lumped to-

 gether for further calculations and subsequent com-

 parisons of leaf species using Student's t tests. All sta-

 TABLE 3. Summary of breakdown coefficients (k) of alder
 and willow leaves decomposing in the Steina, Black Forest.
 as estimated by nonlinear regression analysis.

 Species k + CL (d-') mO + CL (%) r2 N

 Alder -0.0352 + 0.0029 100.9 + 2.5 0.958 70
 Willow -0.0270 + 0.0018 97.5 + 1.8 0.964 68

 Notes: CL = 95% confidence limit; mO = estimated initial
 leaf mass; N = number of leaf packs.

 tistical analyses were performed with SYSTAT 8.0

 (SYSTAT 1998). Differences were considered signifi-

 cant when P < 0.05.

 RESULTS

 Leaf mass loss

 Leaf breakdown of alder and willow leaves was rap-

 id, with <50% of leaf dry mass remaining after 4 wk

 in the stream (Fig. 1). Confidence limits associated with

 estimated breakdown coefficients indicated that there

 were significant differences in breakdown rates be-

 tween leaf species (Table 3), reflecting the fact that

 alder leaves had lost significantly more (P < 0.001) of

 their initial dry mass after 8 wk (92%) than willow

 leaves (74%). Leaching during the first 24 h after plac-

 ing leaves in the stream was ?3% (Fig. 1), probably
 due to the use of fresh leaf litter in this study (Barlocher

 1997, Gessner et al. 1999).

 Macroinvertebrates

 Leaf packs were rapidly colonized by macroinver-

 tebrates. Maximum densities were observed 4 wk after

 leaf submersion, with an average of 708 (alder) and

 422 (willow) animals/5 g leaf pack (Fig. 2A), corre-

 sponding to a biomass of 348 (alder) and 209 (willow)

 mg/pack (Fig. 2B). Maximum numbers and biomass

 were significantly higher on alder leaves (P < 0.01),

 but values had converged by 8 wk.

 Shredders were the predominant functional feeding

 group encountered in packs of both leaf species, ac-

 counting for an average of 43% of total invertebrate

 numbers and 67% of total biomass (Fig. 2). Eight weeks

 after leaf submersion, shredders assumed an even great-

 er importance with >80% of total macroinvertebrate

 biomass. As for total macroinvertebrates, significantly
 higher maximum numbers (P < 0.001) and biomass (P

 < 0.01) occurred on alder leaves on day 28. The stone-

 flies Nemoura, Protonemura, Amphinemura, and Leuc-

 tra, the caddisfly Potamophylax, and the amphipod

 Gammarus fossarum were the dominant shredder taxa.

 Collector-gatherers and scrapers were mainly repre-

 sented by mayfly larvae such as Baetis and Lepto-
 phlebiidae, together accounting for an additional 44%
 of total numbers but only 19% of biomass. Collector-
 filterers and predators were a minor component of the

 macroinvertebrate assemblages.
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 FIG. 2. Numbers (A, B) and biomass (C, D) of total macroinvertebrates (A, C) and shredders (B, D) associated with

 alder (solid circles) and willow (open circles) leaves decomposing in a third-order reach of a Black Forest stream. Error bars
 indicate 95% confidence intervals calculated from 10 replicate leaf bags.

 Fungi

 Initial fungal biomass (<20 fig ergosterol/g leaf dry

 mass) indicated that fungal colonization of freshly col-

 lected leaves was minor prior to submersion in the

 stream. During the following 4 wk, fungal biomass
 increased rapidly and then leveled off in both species

 (Fig. 3A). There were no significant differences in fun-

 gal biomass between leaf species.

 Sporulation dynamics of aquatic hyphomycetes first

 paralleled fungal biomass (Fig. 3B). However, in con-

 trast to biomass, sporulation rates dropped on alder

 leaves 8 wk after leaf exposure. There were significant

 differences between leaf species in maximum sporu-

 lation rates (P < 0.01). Because the average size of

 conidia was larger on alder leaves, the difference be-

 tween leaf species was even greater when conidial pro-

 duction is expressed in terms of dry mass (Fig. 3C).

 A total of 30 species of aquatic hyphomycetes were

 found to be sporulating on leaves. Flagellospora cur-

 vula and Tetrachaetum elegans codominated the as-

 semblage on both types of leaves in terms of conidial

 numbers, but T. elegans greatly outweighed F. curvula

 in terms of conidial mass production (Table 4). Other

 frequently observed species included one form with

 elongate rod-shaped conidia (unbranched sp. 1) and one

 with conidia resembling those of A. longissima but hav-

 ing a significantly greater width (unbranched sp. 2).

 Bacteria

 Bacterial numbers and biomass also increased ex-

 ponentially during the first 4 wk of leaf submersion

 and remained at about the same level during the fol-

 lowing 4 wk (Fig. 4). Maximum bacterial numbers of

 4.8 and 5.6 X 1010 cells/g detrital dry mass, corre-

 sponding to a biomass of 3.1 and 3.6 mg/g dry mass,

 were attained after 8 wk on alder and willow leaves,

 respectively. Values were significantly higher on alder

 compared to willow leaves for both numbers and bio-

 mass (P <0.05). In contrast, when expressed per leaf

 surface area (data not shown), neither the numbers nor

 the biomass of bacteria differed significantly between

 leaf species (P > 0.81). Numbers increased from ini-

 tially 104 individuals to a maximum of 3.8 X 106 cells/
 mm2, corresponding to a maximum biomass of 0.6 fig/
 mm2.

 The bacterial assemblages associated with both alder

 and willow leaves were dominated by small rods
 throughout the experiment (Fig. 5) accounting for at

 least 50% of the total numbers (average of 74%) and

 biomass (average of 66%). Cocci occurred regularly in

 the first 3 d (4% of total numbers) but subsequently
 decreased in relative importance, whereas the relative

 frequencies of thin elongate cells increased with time
 (range of 1-14% during the study). The proportion of

 large rods (4-1 1 %) and cell chains (1-3%) did not vary
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 FIG. 3. (A) Biomass, (B) sporulation, and (C) conidial
 production rates of fungi associated with alder (solid circles)
 and willow (open circles) leaves decomposing in a third-order
 reach of a Black Forest stream. Error bars indicate 95% con-
 fidence intervals calculated from 10 replicate leaf bags.

 greatly over time. There were no evident differences

 in the composition of bacterial assemblages on alder

 and willow leaves. Bright yellow particles closely re-

 sembling small rods in size and shape were observed

 during the first 3 d of leaf exposure, at this time ac-

 counting for 20% of the total counts. By week 4, how-

 ever, the percentage of these particles had decreased to
 <2% of the total counts.

 Comparison of assemblages

 All parameters used for the quantitative description

 of macroinvertebrate, fungal, and bacterial assemblag-

 es on decomposing leaves showed strikingly similar

 temporal patterns, although the relative magnitude of

 the groups in terms of biomass differed greatly. Bac-

 teria were a consistent but relatively small component

 of the assemblages, never accounting for >5% of the

 total microbial biomass (i.e., bacterial plus fungal) or

 >2% of the total biomass (also including shredders and

 other macroinvertebrates) (Fig. 6). The biomass of fun-

 gi was greater than that of shredders during early break-

 down, particularly on alder leaves, whereas the reverse

 was true at later stages. Values for all parameters except

 fungal biomass were consistently higher on alder leaves

 on one or more sampling dates, whereas significantly

 higher values were never observed on willow leaves.

 DISCUSSION

 Rapid leaf mass loss as a result

 of high biological activity

 Breakdown of leaf litter was rapid, as found in a

 previous experiment conducted in the same stream

 (Gessner et al. 1991). Although the leaves of alder and

 some willow species are well known to decompose

 rapidly (e.g., Petersen and Cummins 1974, Short et al.

 1980, Cowan et al. 1983), the rates observed in our

 study stream range at the higher end of reported values

 (Webster et al. 1995, Galas et al. 1996, Casas and Ges-

 sner 1999).

 The rapid breakdown was accompanied by a dense

 colonization of leaf bags by both microorganisms and

 macroinvertebrates. The numbers and biomass of ma-

 croinvertebrates were either similar to or exceeded val-

 ues observed on leaves decomposing in other streams

 with similar characteristics and resident invertebrate

 assemblages (Short et al. 1980, Cowan et al. 1983,

 Mutch and Davies 1984, McArthur and Barnes 1988,

 Gessner and Dobson 1993, Malmqvist and Oberle

 1995, Pozo et al. 1998). Bacterial biomass also was on

 the high end of literature values (e.g., McArthur et al.

 1994, Baldy et al. 1995, Weyers and Suberkropp 1996,

 Maamri et al. 1999), and so was fungal biomass (see

 compilation in Gessner 1997). Thus, the observed pat-

 tern and extent of leaf colonization suggest that much

 of the leaf breakdown in the present study was due to

 biological processes. This conclusion is further sup-

 ported by the dense sporulation of aquatic hyphomy-

 cetes, pointing to a high fungal activity in leaves (Ges-

 sner 1997), and the clear dominance of shredders in

 the leaf-associated animal assemblages.

 Relative contribution of shredders, bacteria, and

 fungi to leaf mass loss

 Fungal biomass has been found to account for 63%

 to >99% of the total microbial biomass (i.e., fungal

 plus bacterial) associated with decomposing leaves in

 streams (Findlay and Arsuffi 1989, Baldy et al. 1995,
 Weyers and Suberkropp 1996, Baldy and Gessner 1997,

 Gessner 1997). The data of the present study (95-99%)

 are in accordance with these previous findings and im-

 ply that fungi assume a greater importance in leaf
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 TABLE 4. Relative abundance and biomass (%) of the top 10 aquatic hyphomycete conidia
 produced on alder and willow leaves decomposing in a Black Forest stream.

 Alder Willow

 Num- Bio- Num- Bio-
 Species ber mass ber mass

 Anguillospora longissima (Sacc. et Syd.) Ingold 1.6 3.3 1.7 4.3
 Clavariopsis aquatic de Wildeman 5.2 5.5 4.7 6.2
 Clavatospora longibrachiata (Ingold) Marvanova and 20.3 4.4 11.7 3.2

 S. Nilsson
 Flagellospora curvula Ingold 28.3 8.3 32.4 11.8
 Heliscus lugdunensis Saccardo and Therry 3.0 1.8 10.9 8.2
 Lemonniera aquatic de Wildeman 1.8 3.1 1.4 3.0
 Lemonniera terrestris Tubaki 0.9 1.3 0.5 0.8
 Tetrachaetum elegans Ingold 32.0 64.8 14.1 35.3
 Unbranched sp. 1 1.2 3.3 3.1 10.3
 Unbranched sp. 2 3.3 2.8 5.4 5.7
 Sum 97.7 98.6 86.0 88.8

 breakdown than bacteria. However, although biomass

 data may provide a first common basis for comparison,

 they are insufficient for making inferences about rel-

 ative degradative activities (Gessner 1997). Turnover

 times of bacteria may be considerably shorter than

 those of fungi, suggesting that the production and con-

 tribution of bacteria to leaf breakdown could be greater

 than inferred from biomass (Findlay and Arsuffi 1989,

 Baldy and Gessner 1997). Similarly, the mechanisms

 of leaf colonization differ strikingly between animals

 and microorganisms. Microorganisms establish them-

 selves on leaves through growth after initial settling of

 spores or single cells, whereas the biomass accumu-

 lation of macroinvertebrates results primarily from im-

 migration.- Consequently, straightforward comparisons

 of decomposer biomass overrate the contribution of

 shredders to leaf breakdown and underrate the role of

 microorganisms, particularly that of bacteria.

 Data on decomposed biomass combined with infor-

 mation on microbial growth efficiencies, turnover rates,

 and feeding activity can provide better insight into the

 relative importance of different decomposers in leaf

 breakdown. Published rates of leaf consumption of var-

 ious shredders that are taxonomically related to the taxa

 encountered in the present study are remarkably sim-

 ilar. When fed alder, willow, or other types of palatable

 leaves, nemourid stoneflies (e.g., Short and Ward 1981,

 Bird and Kaushik 1985), limnephilid caddisflies (e.g.,

 Otto 1974, Arsuffi and Suberkropp 1989), and other

 insect shredders (e.g., Grafius and Anderson 1979,

 Herbst 1982, Bird and Kaushik 1985, Arsuffi and Sub-

 erkropp 1989) typically consume between 10% and

 80% of their body mass per day, although some values

 outside this range have also been reported (e.g., Nolen

 and Pearson 1993, Hutchens et al. 1997). If, according

 to Eq. 2, an average consumption rate (p) of 0.4 mg
 leaf mass.(mg body mass)-l-d-' is assumed, shredder
 feeding would account for a leaf mass loss of 30%

 (alder) and 24% (willow) by day 28, and 64% and 51%

 by day 55 (Table 5). These estimated contributions are

 high compared to values calculated from literature data

 on similar shredder assemblages associated with de-

 composing leaves (Table 6), reflecting the particularly

 dense colonization in the present study.

 A higher shredder biomass has only been observed

 in a Rocky Mountain stream in Alberta, Canada, at

 1750 m elevation (Mutch and Davies 1984). The im-

 possibly high estimate of the contribution of shredders

 to litter breakdown (227%) calculated in that case (Ta-

 ble 6) can be explained by the overestimation of feed-

 ing rates at the freezing temperatures prevailing in that

 stream. If, therefore, a feeding rate at the low end of
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 FIG. 4. (A) Numbers and (B) biomass of bacteria asso-
 ciated with alder (solid circles) and willow (open circles)
 leaves decomposing in a third-order reach of a Black Forest

 stream. Error bars indicate 95% confidence intervals calcu-
 lated from 10 replicate leaf bags.
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 FIG. 5. Changes in the relative proportions of bacterial
 morphotypes associated with alder and willow leaves decom-
 posing in a third-order reach of a Black Forest stream.

 the range above is assumed (i.e., 10% of the animal

 body mass consumed per day), the calculated contri-

 bution of shredders decreases to 57%. This is a more

 plausible value, which is similar to the ones obtained

 in the present study (Table 5) and also to the estimate

 made by the authors themselves (45%) using a com-

 pletely different approach. Thus, even if the average

 consumption of shredders were half the rate assumed

 here (cf. Webster 1983), or less, small-sized shredders

 would be responsible for a major portion of the total

 mass loss observed in both the present study and at

 least one further case. Table 6 also illustrates, however,

 that the importance of shredders to leaf breakdown can

 be highly variable even among streams accommodating

 invertebrate assemblages of similar composition. A

 large part of this variation appears to be driven by

 differences in animal biomass, rather than by our as-

 sumptions about feeding rates.

 The fungal component in the present study is esti-

 mated to account for a considerably smaller fraction of

 overall mass loss. Conidial production plus the my-

 celial biomass accumulated in leaf packs during the

 first 4 wk of the experiment (i.e., an estimate of the
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 FIG. 6. Changes in the relative biomass proportions of
 bacteria, fungi, shredders, and other macroinvertebrates as-
 sociated with alder and willow leaves decomposing in a third-
 order reach of a Black Forest stream.

 product of ILf and Bf in Eq. 3) account for 18% of the

 mass loss in both leaf species, if a growth efficiency

 (sf) of 35% (Suberkropp 1991) is assumed. The cor-
 responding values after 8 wk are 12% for alder and

 13% for willow. These estimates are conservative, be-

 cause part of the mycelial biomass is lost through pref-

 erential feeding of shredders on leaf patches colonized

 by fungi (Suberkropp 1992b, 1998) and possibly other

 mechanisms. There is evidence, moreover, that myce-
 lial growth is sustained in advanced stages of break-

 down, despite a net decline in biomass. If a growth

 rate (Pif) of 0.02 per day is assumed during this period
 (Suberkropp 1995, 2000, Weyers and Suberkropp 1996,

 TABLE 5. Estimated contribution of shredders, fungi, and
 bacteria (%) to alder and willow leaf mass loss in the Steina.
 See Methods and Discussion for rationale and specific as-
 sumptions underlying calculations.

 Decomposer Alder Willow

 Shredders 63.5 51.2
 Fungi 14.5 18.1
 Bacteria 12.7 8.7
 Total 90.7 78.0
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 TABLE 6. Estimates illustrating the range of variation in the percentage contribution of shredders and fungi to leaf litter
 breakdown.

 Duration Shredder Fungi
 Stream Location Leaf species (d) (%) (%) Footnotes

 Monument Creek Alaska S. alaxensis, 98 35 8 t
 S. arbusculoides

 Twin Creek Rocky Mountains, Alberta S. drummondiana 223 227 n.d. t
 Little Beaver Creek Rocky Mountains, Colorado S. bebbiana 112 8 n.d. ?
 Little Beaver Creek Rocky Mountains, Colorado A. tenuifolia 112 8 n.d. ?
 Touyre Pyreness, France A. glutinosa 56 26 22
 Touyre Pyrenees, France A. glutinosa 56 n.d. 35 ?
 Salderrey stream Bask Country, Spain A. glutinosa 56 n.d. 10

 Notes: Values were calculated from literature data based on Eq. 4 (see footnotes for more detail). Streams are softwater
 and accommodate similar shredder assemblages as found in the present study. The abbreviation n.d. = not determined.

 t Calculated from mass loss data and shredder biomass in Cowan et al. (1983) and hyphal lengths reported in Buttimore
 et al. (1984), assuming a hyphal diameter of 3 [Lm and a hyphal dry mass density of 500 fg/[im3 (Newell 1992, Gessner
 1997). Fungal contribution is underestimated because of (1) limitations of the hyphal-length method used in this study (Newell
 1992), (2) the neglect of conidial production, and (3) the unrealistic assumption that fungal production ceased after day 22,
 when the maximum fungal biomass per litter bag was attained.

 t Calculated from leaf mass loss and shredder biomass data in Mutch and Davies (1984); the impossibly high estimate is
 conceivably due to the extreme shredder biomass together with an overestimate of feeding rates at the freezing temperatures
 prevailing during the study.

 ? Calculated from leaf mass loss and shredder biomass data in Short et al. (1980); there were excessive leaching losses
 (28-46%) within the first 72 h.

 11 Calculated from leaf mass loss data in Gessner (1991), shredder biomass data in Gessner and Dobson (1993), and ergosterol
 concentrations reported in Gessner et al. (1993); the experiment was carried out in 1988. Fungal contribution is underestimated
 due to (1) the neglect of conidial production and (2) the unrealistic assumption that fungal production ceased after day 14,
 when maximum fungal biomass per litter bag was attained.

 ? Calculated based on unpublished mass loss data, ergosterol concentrations, and fungal sporulation rates reported in
 Suberkropp et al. (1993), spore masses published by Chauvet and Suberkropp (1998) or, in some cases, calculated and
 compiled by Gessner and Chauvet (1994), and assumed growth rate (or production:biomass ratio) of 0.02 d-' for the 4-wk
 period after the maximum fungal biomass was reached on day 28 (i.e., same assumptions as made for calculating the fungal
 values shown in Table 5); the experiment was carried out in 1990 (estimate more complete than in 1988; identical methods
 and similar decay rates in both experiments).

 # Calculated based on leaf mass loss data in Pozo et al. (1998), ergosterol concentrations and fungal sporulation rates
 reported in Chauvet et al. (1997), spore masses published by Chauvet and Suberkropp (1998), and an assumed growth rate
 (or production:biomass ratio) of 0.02 d-' during the 6-wk period after the maximum fungal biomass was reached on day 56
 (i.e., same assumptions as made for calculating the fungal values shown in Table 5).

 Gessner and Chauvet 1997), the contribution of fungi

 to leaf breakdown increases to 15% and 18%, respec-

 tively (Table 5). This fraction is sizable, and data from

 a similar stream studied with identical methods suggest

 that the potential of fungi may be even higher (Table

 6), as is indicated also by results from a much larger

 hardwater stream (Baldy et al. 1995). Other estimates

 compiled in Table 6 are smaller, however, and although

 some of the low values are partly due to limitations in

 methodology (e.g., Buttimore et al. 1984), others

 (Chauvet et al. 1997, Pozo et al. 1998) appear to reflect

 a true difference in fungal involvement in the break-

 down process among systems. This variation may be

 related to the abundance of shredders, which act as both

 competitors and predators of fungi (Barlocher 1979),

 but this remains an untested hypothesis.

 Based on a bacterial growth efficiency (8b) of 30%
 (del Giorgio and Cole 1998), the calculated bacterial

 contribution to leaf breakdown in the present study is

 exceedingly small (1.9% for alder, 1.8% for willow),

 if it is determined in the same manner as for the fungi

 in the first 4 wk of our experiment. However, Findlay

 and Arsuffi (1989) and Baldy and Gessner (1997) pro-

 vide evidence that rapid growth of bacterial cells on

 decomposing leaves may be offset by concurrent loss-

 es, resulting in production:biomass ratios ranging from

 0.25 to 9 per day. The lowest ratio of 0.25 d-l would

 translate into an estimate of bacterial contribution al-

 most exactly the same (-2%) as the one derived di-

 rectly from the measured biomass values; it is probably

 unrealistically low. Conversely, an assumed average

 growth rate (or production:biomass ratio) of 1 trans-

 lates into an estimated bacterial contribution to leaf

 mass loss of 12.7% (alder) and 8.7% (willow) (Table

 5). Contributions of this magnitude indicate that bac-

 teria may nearly balance the proportion of total leaf

 mass loss that is not accounted for by shredders and

 fungi. It is possible, however, that part of the carbon

 sustaining bacterial growth is derived from sources out-

 side the leaf compartment, i.e., by DOM in the stream

 water flowing across leaf surfaces. If this material is

 used to any significant extent, the contribution of bac-

 teria will be overestimated by the approach adopted

 here. In fungi, the same phenomenon could theoreti-

 cally occur, but it is less likely to be important because

 fungal mycelium penetrates the leaf tissue, rather than
 growing on its surfaces, suggesting that contact with

 the surrounding environment is more restricted.

 In conclusion, the sum of our independent estimates

 of organismal contributions to leaf breakdown yields
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 plausible results. This is particularly true if one con-

 siders that both DOM (Meyer and O'Hop 1983, Baldy

 and Gessner 1997) and FPOM (Malmqvist 1993, Ward

 et al. 1994, Wallace and Webster 1996) are generated

 during leaf breakdown in streams, possibly accounting

 for the remaining 10-20% of leaf mass loss (Table 5).

 A large part of this FPOM is derived from the feces

 of shredders and is hence included in our estimate as

 ingested material. However, some FPOM release is due

 to fungal activity (Suberkropp and Klug 1980), me-

 chanical fragmentation and abrasion, and is unaccount-

 ed for in our budget. Thus, despite some uncertainties

 and simplifications in the assumptions underlying our

 model (e.g., neglect of interactions among decompos-

 ers; Suberkropp 1992b), the results of this study sug-

 gest that all types of decomposers (i.e., shredders, fun-

 gi, and bacteria) made an appreciable contribution to

 the leaf litter breakdown process in our study stream.

 The role of shredders appeared to be particularly im-

 portant, but literature data suggest this is not invariably

 the case. Future determinations of leaf-associated mi-

 crobial production, concomitant with estimates of

 shredder feeding, will facilitate exploration of the ex-

 tent of variation and particularly of the causes that lead

 to shifts in decomposer dominance in different envi-

 ronmental situations.
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