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ABSTRACT: Aquatic habitats of forested floodplain systems receive large inputs of allochthonous
plant litter. We examined the decomposition of, and microbial productivity associated with, leaves of
a common floodplain tree, Populus gr. nigra, in the mainstem and floodplain pond of a seventh order
river in 2 consecutive years. Litter bags were submerged at both sites, retrieved periodically, and
analyzed for litter mass loss, bacterial and fungal biomass, growth rate and production, and sporula-
tion rates of aquatic hyphomycetes. Litter decomposition rates were similar in both sites and years
(leaf breakdown coefficients k of 0.0070 to 0.0085 d!), although microbial dynamics partly differed
between sites. Species diversity of aquatic hyphomycetes was lower on leaves submerged in the
pond (16 species) than in the river (21 species). Mycelial biomass was also significantly lower in the
pond, with values <20 mgC g~' of detrital C, whereas peaks of 50 and 80 mgC g~' were reached in
leaves in the mainstem. These differences contrast with the comparable fungal productivity at both
sites (peak rates of 1.4 mg of mycelial C per g of detrital C per day in both years). This suggests that
fungi were equally productive in both habitats but experienced greater losses in the pond. Bacterial
numbers and biomass also showed the same basic pattern at both sites, although somewhat higher
levels were reached in the pond (maximum of about 10'° cells and 0.5 mg g~! of detrital C). Bacterial-
specific production rates fluctuated between 0.06 and 1.5 d! with lower values occurring in the flood-
plain pond. Although bacteria on leaves were clearly outweighed by fungi in terms of biomass, they
accounted for a sizeable fraction of the total biomass (up to 11 %), and up to 32 % of the total micro-
bial production. Our comparison of bacterial and fungal productivity thus points to a critical role of
fungi in litter decomposition in aquatic habitats of river floodplain systems, while suggesting that
bacteria must not be overlooked as important agents of litter decompositon in riverine environments.
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INTRODUCTION

Floodplain river systems are composed of a mosaic of
aquatic habitats, whose number and spatial extent
vary in response to the frequency, duration and magni-

tude of flooding, associated geomorphological recon-
figurations of the floodplain, and the kind and degree
of subsurface hydrological connectivity (e.g. Ward et
al. 2002). The physical, chemical and biological attrib-
utes of the individual habitats also vary in both space
and time in relation to these factors. Major types of
lotic habitats in river floodplains include the mainstem
with several distinct ‘subhabitats’, secondary channels,
emergent springbrooks, and tributary streams. In addi-
tion, various kinds of standing water bodies are
typically present. They also differ in size, temporal



persistence, water quality (e.g. temperature, turbidity,
chemical composition), sediment grain size distribu-
tion and organic matter content, and hence in biologi-
cal characteristics (Tockner et al. 1999).

A salient feature of river floodplain forests is their
high primary productivity (Naiman & Decamps 1997).
It results in large inputs of litter to both the forest floor
and a range of lentic and lotic water bodies. A large
portion of these inputs occurs in the form of autumn-
shed leaves from the riparian vegetation (Chauvet &
Jean-Louis 1988, Cuffney 1988), suggesting that leaf
decomposition constitutes a vital process in floodplain
river systems (Chauvet 1988, Chergui & Pattee 1990,
McArthur et al. 1994, Thorp & Delong 1994). Prior to
the fundamental alterations of river morphology and
riparian vegetation by man, the importance of litter
inputs and decomposition to overall system function-
ing must have been even greater (Naiman & Decamps
1997).

Litter decomposition has been studied extensively in
both forests and streams, particularly small ones, but
has received scant attention in floodplain systems
(Chauvet 1988, Mayack et al. 1989, McArthur et al.
1994, Chergui & Pattee 1990). In streams, litter decom-
position involves fungi and bacteria in addition to
shear stress and detritivorous invertebrates, with
current evidence suggesting that a fungal group
known as aquatic hyphomycetes plays a predominant
role in the microbial degradation of leaves (Barlocher
1992, Maltby 1992, Gessner et al. 1997, Suberkropp
1998a). Although aquatic hyphomycetes are primarily
known from headwater streams, they also occur abun-
dantly on leaf litter in the mainstem of large rivers
(Chergui & Pattee 1988, Baldy et al. 1995). Their
dominance in lotic environments contrasts with a
notable scarcity in lentic habitats, eutrophic ones in
particular, where they may be replaced by other fungi
(Webster & Descals 1981, Voronin 1992, M. O. Gessner
unpubl. data). Chergui & Pattee (1988) even proposed
that the virtual absence of aquatic hyphomycetes from
an oxbow lake on the Rhone River floodplain may have
accounted for the reduced decomposition rates com-
pared to both the main river channel and a hydrologi-
cally connected backwater.

Bacteria in large river systems have been subject to a
greater number of studies than fungi (e.g. Baldy et al.
1995, Sinsabaugh & Findlay 1995), including some on
lentic floodplain habitats (Kirschner & Velimirov 1999),
but because of the usual focus on water-column and
fine-sediment processes, specific information on bacte-
ria associated with decomposing litter is virtually lack-
ing (but see Findlay et al. 1990, McArthur et al. 1994).
Boon (1991) observed that pelagic bacteria were both
more abundant and active in an Australian billabong
than in the mainstem of their study river. This implies,

in combination with the results of the above fungal
studies, that compared to streams and rivers the rela-
tive importance of bacteria in litter decomposition
might increase in lentic floodplain habitats.

One way of assessing the relative importance of
bacteria and fungi in decomposition processes consists
in determining the productivity of these organisms
(Hieber & Gessner 2002). The underlying assumption
is that productivity is proportional to degradative activ-
ity. Comparisons of biomass have been used as a first
crude measure towards this end (Findlay & Arsuffi
1989, Baldy et al. 1995), but they will not provide an
accurate picture in cases where significant biomass
losses co-occur with growth. The contribution of bacte-
ria to leaf decomposition might be underestimated
more severely than that of fungi, because losses of
bacterial cells from decomposing leaves are likely to
exceed losses of fungal mass, which is embedded
within the leaf tissue and tends to turn over more
slowly. However, the limitation of biomass measure-
ments can be overcome by determining bacterial and
fungal productivity and integrating over time, thus
taking potential biomass losses into account (Newell et
al. 1995, Weyers & Suberkropp 1996, Baldy & Gessner
1997). Comparisons of the 2 types of microbial litter
decomposers are thus put on a firmer basis. Such
productivity estimates can be derived from rates of
[*H]thymidine or [°*H]leucine incorporation into DNA
or protein for bacteria (e.g. Findlay et al. 1984, Robarts
1998, Kirschner & Velimirov 1999) and from
[1“Clacetate incorporation rates into ergosterol for
fungi (Newell & Fallon 1991, Suberkropp & Weyers
1996, Gessner & Newell 2002).

In the study reported here, we used these method-
ologies to compare the microbial productivity associ-
ated with decomposing leaves in 2 aquatic habitats of a
large river system. Our specific objectives were to
(1) provide baseline data on microbial productivity
associated with allochthonous leaf litter in aquatic
habitats; (2) based on estimates of microbial produc-
tion, assess the relative importance of bacteria and
fungi to leaf litter decomposition; (3) track possible
shifts in microbial growth dynamics and litter decom-
position at 2 contrasting sites of a large river system,
the mainstem and an adjacent floodplain pond; and
(4) evaluate whether similar patterns of microbial
growth and decomposition occur in 2 consecutive
years.

MATERIALS AND METHODS

Study sites. The study was carried out at 2 sites of the
Garonne River system in south-western France. The
first site was located in the main river channel, 7 km
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Fig. 1. Daily mean discharge of the mainstem and water temperature of the
mainstem (thin line) and floodplain pond (thick line) of the Garonne River sys-
tem between November 1993 and May 1995. Sampling dates of the litter decom-

position experiments are indicated

upstream from the city of Toulouse, where the river is
200 m wide and seventh order (Baldy et al. 1995).
Water depth ranged from about 0.5 to 2 m during the
study. The substratum consisted of pebbles and
bedrock. Discharge was recorded at a nearby gauging

station (Fig. 1); mean annual values
were 200 + 12 m3s7!, in 1993, 1994 and
1995. The second site was located in a
floodplain pond about 180 m long and
25 m wide, 3 km upstream from the
first site. Water depth of the pond
ranged from 0.2 to 1.5 m, and its bot-
tom consisted primarily of silt. The
pond was connected to the main river
channel during 8 and 5 d of floodplain
inundation in 1993-94 and 1994-95,
respectively. The predominant tree
species of the floodplain forest were
willow Salix alba L. and poplar Popu-
lus gr. nigra L. (and various poplar
hybrids).

Water temperatures were recorded
every 90 min by Hamster® data log-
gers (standard model; Elpro-Buchs).

Average daily temperature fluctuated
between 3 and 24°C at the river site
and between 4 and 27°C in the flood-
plain pond (Fig. 1). Water-chemical
characteristics at both sites are sum-
marized in Table 1. Oxygen concen-
trations above the sediment were
measured in the field between 07:30
and 10:00 h. Nitrate concentrations
were measured by UV spectral decon-
volution (Thomas et al. 1993) using an
Anthelie 70MI (Secomam) and phos-
phate concentrations by spectropho-
tometry with ammonium molybdate
(Murphy & Riley 1962), while all other
chemical parameters were deter-
mined using standard procedures.
Experimental procedures. Freshly
fallen poplar leaves were collected at
the study sites in November 1993 and
October 1994. Leaves were stored
overnight at 4°C (1993) or frozen
(1994). Leaves were weighed into
portions of 13 g fresh mass and
placed in 2.5 mm mesh bags (15 X
15 cm). Ten bags were randomly
taken to determine the initial leaf dry
mass, and 4 of these to estimate the
initial fungal and bacterial biomass,
production and sporulation (see later
sections). The remaining set of bags

was split in 2 batches, which were secured at the bot-
tom of the river and pond. Leaves were submerged on
1 November 1993 and on 21 December 1994.

Four bags were retrieved from both sites after 9, 16,
24,30, 44,67,93 and 128 d (1993-94) and 14, 28, 56, 84

Table 1. Water-chemical characteristics in the mainstem and floodplain pond
of the Garonne River system between November 1993 and May 1995
(no. of samples = 18)

Parameter Mainstem Pond

Mean Range Mean Range
pH 8.2 7.5-8.4 8.3 8-8.6
Conductivity 153 110-188 458 392-574
(1S em™, 20°C)
Alkalinity 45.1 10.3-77.0 100.7 28.0-187.4
(mg 1! CaCOy)
Oxygen 106 98-110 104 43-165
(% saturation)
N-NO3~ 1.46 0.75-2.00 3.34 0.82-5.3
(mg ")
P-PO- 58.5 30.6-97.0 76.5 55.4-122.7
(ng 1




and 154 d (1994-95) and brought to the laboratory in
river or pond water. Leaves were removed from the lit-
ter bags and individually rinsed to remove sediments
and invertebrates. Portions of the leaf material (see
later sections) were taken to determine microbial
biomass and production (fungi and bacteria) as well as
the spore production and community structure of
aquatic hyphomycetes. The remaining leaves were
frozen, lyophilized, weighed to the nearest 0.1 mg, and
ground to pass a 1 mm mesh screen. Portions of about
250 mg were ashed for 3 h at 550°C to determine the
organic matter content.

Fungal community structure and conidial produc-
tion. Two poplar leaves from each litter bag were
placed in 250 ml flasks containing 100 ml of filtered
(Whatman GF/D) river or pond water and incubated on
a rotary shaker (75 rpm, 25.4 mm orbital path) for 3 d at
10°C. After incubation, 250 pl of 0.5 % (w/v) Triton X-
100 solution was added and 2 ml of the conidial sus-
pension was passed through a membrane filter (5 pm
pore size). The conidia trapped on the filter were
stained with 0.1% Trypan blue in 60 % lactic acid,
identified and counted at a magnification of 200x. Two
filters per sample were prepared and at least 100 coni-
dia per filter were counted. Conidial mass was calcu-
lated using published values for the dominant aquatic
hyphomycete species encountered in this study (Chau-
vet & Suberkropp 1998). The data for these species
were also used to establish a relationship between
conidial dry mass (M in fg) and volume (V in pm?)
(M = —-0.058V?% + 641V) for calculating the conidial
mass of the remaining species. Conidial biovolumes
were determined as described in Barlocher &
Schweizer (1983).

Mycelial biomass and production. Fungal biomass
and production associated with leaves were deter-
mined on 10 leaf discs (10 mm diameter) from each leaf
bag. Discs were placed in vials containing 2.38 ml of an
acetate solution prepared in filtered (0.2 pm pore size)
river or pond water. The incorporation of radiolabeled
acetate was started by adding 120 pl of an aqueous
sodium [1-!4C]acetate solution (60 mCi mmol™!; Amer-
sham), to give a final total acetate concentration of
2.5 mM. Control vials containing 2 or 3 discs from each
replicate leaf bag (10 discs in total) received formalde-
hyde (2% final concentration) 60 min before the addi-
tion of [1-'*C]acetate. Incubations were carried out for
6 h at 15°C in the dark on a rotary shaker (350 rpm,
3 mm orbital path). Following the addition of formalin,
the leaf discs were removed with forceps and placed
onto a membrane filter (0.45 pm pore size), rinsed 3
times with 2 ml of sterile water and stored at —18°C.
Any conidia produced during the incubation period
were thus left in the incubation medium and on the
membrane filter.

Leaf discs were lyophilized and weighed to the near-
est 0.1 mg before ergosterol was extracted by 30 min
refluxing in alcoholic base and quantified by high pres-
sure liquid chromatography (HPLC) (Gessner et al.
1991). The eluting ergosterol fractions of 3 separate in-
jections from each sample were pooled in a scintillation
vial, 10 ml of Ready-Solv EP (Beckman Instruments)
was added, and radioactivity measured (Gessner &
Chauvet 1997). Separate experiments were run on 2
occasions to test whether saturation of acetate incorpo-
ration and isotope dilution occurred under the chosen
experimental conditions. In both cases, saturation was
achieved at 2 mM of added acetate and isotope dilution
was found to be negligible (data not shown).

Fungal carbon was calculated from ergosterol con-
centrations using species-specific conversion factors
(Gessner & Chauvet 1993) and assuming 43 % carbon
in fungal dry mass (Baldy et al. 1995). To calculate spe-
cific production rates (i.e. production/biomass [P/B]
ratios), a theoretical conversion factor of 33.05 ng
ergosterol per pmol of incorporated acetate was used
(Gessner & Chauvet 1997, Gessner & Newell 2002).
This theoretical conversion factor compares well with
an empirical factor we determined previously for an
aquatic hyphomycete species (Gessner & Chauvet
1997). It is 2- to 3-fold lower than conversion factors
used by other authors (Suberkropp 1995, Newell 2001),
suggesting that our estimates of fungal production and
growth may be conservative. Fungal production was
calculated by multiplying specific production rate by
fungal biomass. For calculating decomposition bud-
gets, measured rates were corrected for temperature
using a Qq of 1.99 + 0.19 (mean + SD) determined from
growth of 6 dominant species that accounted for about
80% of the conidia released from leaves (Table 2;
M. Thomas & E. Chauvet unpubl. data). Cumulative
fungal production was calculated by relating tempera-
ture-adjusted production values to a standard amount
(1 g) of initial leaf carbon, interpolating linearly
between sampling dates, and summing up over the
study period.

Bacterial biomass and production. Bacterial produc-
tion associated with leaves was estimated from rates of
[*H]thymidine incorporation into DNA following a pro-
tocol based on Findlay et al. (1984) and Palumbo et al.
(1987). Two leaves from each mesh bag were placed in
a sterile plastic bag containing 40 ml of filter-sterilized
water. Bacteria were dislodged from the leaf material
with a Stomacher 80 Lab-Blender (Seward Medical)
set at normal speed (10 min treatment). The resultant
suspension was strained through a 5 pm nylon screen
to remove the largest particles, and the bag and screen
rinsed with 10 ml of filter-sterilized water. The per-
centage of bacteria associated with the particles that
were retained on the screen was typically 0 to 3%.



A 10 ml aliquot of the combined sus-
pensions was preserved with formalin
(2% final concentration) and stored for
later bacterial counts and biovolume
determinations (see below).
Additional 3 ml aliquots of the sus-
pension were placed in sterile tubes
and incubated with radiolabeled thy-
midine. Preliminary experiments had
shown that saturation of thymidine
incorporation did not occur up to a
concentration of at least 400 nM;
therefore, isotope dilution was deter-
mined at each sampling date (Servais
1990). Seven concentrations of thymi-
dine were prepared in membrane-
filtered (0.2 pm pore size) river or pond
water: 20, 30, 50, 100, 200, 300 and
400 nM, with 20 nM of [methyl-
SH]thymidine (50 nCi nmol™}; ICN Bio-
medicals) added. Five control tubes
with total thymidine concentrations
between 20 and 400 nM received
trichloracetic acid (TCA) to a final con-
centration of 5 % before labeled thymi-
dine was added. Samples were incu-
bated for 20 min at 15°C on a rotary
shaker (350 rpm, 3 mm orbital path).
Thymidine incorporation was stopped
by adding TCA and immediately plac-

Table 2. Aquatic hyphomycete species sporulating on decomposing poplar
leaves in the mainstem and floodplain pond of the Garonne River system in 2
consecutive years. Numbers represent the percentage contribution of individual
species to the total conidial mass produced per gram of initial leaf mass during
the study periods. Species contributing less than 1% to the total output are

indicated as +; —: species not present

Species

1993

Mainstem Pond

Mainstem Pond

1994

Alatospora acuminata Ingold
Anguillospora filiformis Greathead®
Anguillospora longissima

(Sacc. et Syd.) Ingold*®
Articulospora tetracladia Ingold
Campylospora chaetocladia Ranzoni
Clavariopsis aquatica de Wild.?
Clavatospora longibrachiata (Ingold)
Marvanova ex S. Nilsson
Culicidospora aquatica R.H. Petersen
Flagellospora curvula Ingold®
Geniculospora inflata (Ingold)

S. Nilsson ex Marvanova et Nilsson
Heliscus lugdunensis Sacc. et Thérry
Lemonniera aquatica de Wild.
Lemonniera terrestris de Wild.
Lunulospora curvula Ingold
Tetrachaetum elegans Ingold®
Tetracladium marchalianum de Wild.?
Tetracladium setigerum (Grove) Ingold
Tricladium angulatum Ingold
Tricladium chaetocladium Ingold
Triscelophorus monosporus Ingold
Tripospermum myrti (Lind) S.J. Hughes
Unidentified filiform conidia
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ing the tubes on ice for at least 12 h.

The precipitate was then collected on
a polycarbonate filter (0.45 pm pore
size; Costar Europe) and rinsed 3 times with 5% TCA.
Filters were placed in scintillation vials and 0.5 ml of
0.5 M HCl was added before heating at 95 to 100°C for
30 min. After cooling, 10 ml of Ready Protein (Beckman
Instruments) was added, and the radioactivity was
determined.

Thymidine incorporation rates were corrected for
isotope dilution using linear regression analysis (Ser-
vais 1990). The ratio of added radioactivity to mea-
sured radioactivity was plotted against the total thymi-
dine concentration added, and the incorporation rate
was calculated as the reciprocal value of the slope of
the regression line. Most regressions were highly sig-
nificant (p < 0.001), with coefficients of determination
ranging from 0.73 to 0.99. Bacterial carbon production
was calculated using a conversion factor of 4 x 10'8
bacterial cells per mole of incorporated thymidine (Fal-
lon & Newell 1986), and the carbon content of bacterial
cells was estimated from measured biovolumes
according to the empirical relationship, C = 89.6 x
V9% where Vis the cell volume in pm?® and C the cell
carbon content in fg (Baldy et al. 1995).

Bacterial biomass was determined in 10- or 100-fold
diluted aliquots of formaldehyde preserved suspen-
sions (10 ml final volume). Bacteria were stained with
DAPI (4',6-diamidino-2-phenylindole; 5 pg ml™?), fil-
tered through a black polycarbonate membrane, and
counted at 1000x magnification with an Axioplan
(Zeiss) epifluorescence microscope. To determine bac-
terial biovolumes, photographs were taken from filter
portions (Ektachrome ISO 400/278; Kodak), projected
onto a screen, and 100 to 200 bacteria were measured
and assigned to shape and size classes (Baldy et al.
1995). Specific production rates were calculated as the
quotient of bacterial production and biomass and tem-
perature-adjusted (assumed a Qqq of 2) for calculating
decomposition budgets.

Statistical analysis. Leaf breakdown coefficients (k)
were calculated by adjusting the mass loss data to the
simple exponential model m, = m, x e*, where m; is
the leaf mass remaining at time t and my is the initial
leaf mass (Wieder & Lang 1982). The same approach
was used to determine k values on a degree-day basis.
Differences in breakdown coefficients (determined



from linear regression of In-transformed data) between
sites and years were tested using analysis of covari-
ance (ANCOVA) (Boulton & Boon 1991). Analysis of
variance (ANOVA) was used to test for differences
between sites in terms of bacterial and fungal biomass
and production as well as sporulation rate and conidial
production. Analyses were conducted separately for
both vyears. Data were In-transformed when test
assumptions were not met (i.e. mycelial biomass in
1993 and sporulation rate in 1994). p-values <0.05
were considered to be significant. Calculations of
exponential breakdown coefficients and ANCOVA
were made using SYSTAT (Wilkinson 1990) and
ANOVA was carried out using the statistical software
package Minitab (release 13 for Windows 2000,
Minitab).

RESULTS
Fungal biomass, production and sporulation

Fungal biomass increased rapidly within the first
weeks after submersion of leaves at the river site,
reaching peaks of 8 (1993) and 5% (1994) of detrital
carbon (Fig. 2). In the floodplain pond, fungal biomass
increased more slowly, reaching maximal values of
only 2% of detrital carbon, and remained significantly
lower than in the river channel throughout the experi-
ments (ANOVA, p < 0.001). Differences in fungal bio-
mass between years were significant in the river
(ANOVA, p = 0.02) but not in the floodplain pond.

Specific production rates (P/B) of fungi ranged from
0.004 to 0.1 d! (Fig. 3A,B) with significantly higher
rates observed in the floodplain pond after the first
month of leaf submersion (ANOVA, p < 0.001).
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Fig. 2. Changes in mycelial biomass associated with leaf litter

decomposing in the mainstem and floodplain pond of the

Garonne River system in 2 consecutive years. Bars denote
+1SE (n=4)

Mycelial production increased initially in both sites
and years and then decreased (Fig. 3C,D). Peaks
occurred later in the pond in both 1993 and 1994.

Differences between fungal biomass and cumulative
production increased as leaf decomposition proceeded
(Fig. 4A,B), and the maximum ratio between the 2
measures was higher in the floodplain pond (14) than
in the river (9).

Sporulation rates of aquatic hyphomycetes showed
markedly different patterns between sites (Fig. 3E,F).
In the main channel, sporulation activity was highest
initially and then declined, whereas in the floodplain
pond sporulation was barely detectable during the first
1 to 2 mo of leaf submersion and then increased to >0.2
conidia per ug of detrital C per day. Overall, the sporu-
lation rate of aquatic hyphomycetes was significantly
higher at the river site in both years (ANOVA,
p <0.001). The sum of cumulated conidial and mycelial
production (Fig. 4A,B) was almost the same in the
mainstem and floodplain pond, with about 70 mg of
fungal biomass produced after 154 d.

Twenty-one species of aquatic hyphomycetes were
found sporulating on leaves in the river channel, com-
pared to 16 species in the floodplain pond (Table 2). At
the river site, 7 species accounted for >90 % of the total
conidial mass released from decomposing leaves,
whereas in the floodplain pond only 2 species were re-
sponsible for almost the entire conidial output (Table 2).
The species composition of fungal assemblages and the
relative abundance of single species differed greatly be-
tween sites but were remarkably similar within sites be-
tween years. The temporal patterns of conidial produc-
tion in terms of mass only partly reflected changes in
sporulation rates (Fig. 3G,H). This result was caused by
shifts in community composition that occurred over time
coupled with notable size differences among species.
These variations resulted in a somewhat erratic tempo-
ral pattern of conidial production in 1993, particularly at
the river site. In terms of conidial output, Anguillospora
longissima dominated the fungal assemblage in the
floodplain pond, whereas Clavariopsis aquatica was the
dominant species in the river channel, followed by
A. longissima.

Bacterial biomass and production

Dynamics of bacterial densities and biomass associ-
ated with leaves were similar at both sites. Differences
between years were greater, possibly as a result of
some differences in the experimental procedures used
in 1993-94 and 1994-95 (Fig. 5). Bacterial numbers
and biomass nevertheless reached similar levels in
both years and sites (13 x 10° to 24 x 10° cells per g of
detrital C, equivalent to about 0.5 mg C per g of detri-
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Fig. 4. Comparison of cumulative microbial production with
actually observed biomass on decomposing leaves in the
mainstem (A,C) and a floodplain pond (B,D) of the Garonne
River system in 1994-95. (A, A) Cumulative production values
derived from instantaneous production rates ([*C]lactetate
(fungi) and [*H]thymidine (bacteria) incorporation); (m,0)
cumulative production values that include the separately
determined conidial production; (®, O) actually observed bio-
mass. All values refer to 1 g of litter ash-free dry mass present
before leaves were submerged. Bars denote +1 SE (n = 4)

tal C) with a tendency to decrease towards the end of
experiments. However, the decreasing trend was not
observed in the floodplain pond in 1993, resulting in a
significantly higher bacterial biomass on the last sam-
pling dates at this site (ANOVA, p < 0.001). Bacterial
biomass accounted for 0 to 11 % of the total microbial
biomass made up by fungi (Fig. 2) and bacteria (Fig. 5).

Bacterial production was only measured in 1994
(Fig. 6). Specific production rates were highest initially
(about 1.1 to 1.5 d°!) and then tended to decline, with
overall higher values in the river channel. Bacterial
carbon production was generally similar at both sites;
however, after 8 wk, production had increased greatly
on leaves submerged in the river mainstem, resulting
in a 10-fold higher production than in the floodplain
pond (ANOVA, p < 0.001).
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Table 3. Exponential breakdown coefficients (mean + asymp-

totic SE) of poplar leaves decomposing in the mainstem and

floodplain pond of the Garonne River system in 1993 (no. of

species = 36) and 1994 (no. of species = 20); k (leaf breakdown

coefficients) values calculated on a daily basis (d"')and k'
values on a degree-day (dd™') basis

Site Year k(d™ k' (dd™)

Mainstem 1993  0.0085 + 0.0009 00108 + 0.00005

Pond 1993  0.0077 £ 0.0007 0.00090 + 0.00003
Mainstem 1994  0.0071 + 0.0005 0.00091 + 0.00003
Pond 1994  0.0070 + 0.0006 0.00079 + 0.00003

Differences between bacterial biomass and cumula-
tive production increased during leaf submersion at
both sites (Fig. 4C,D), and particularly in the river
channel. The maximum ratio between the 2 measures
reached almost 200 in the mainstem but only 12 in the
floodplain pond.

Leaf mass loss

Decomposition rates varied within a range lower
than +9% (Table 3) and were found to be similar
between both years and sites (ANCOVA; p > 0.75). Of
the initial litter mass, 44 and 39 % remained at the end
of experiments, after 128 and 154 d in 1993 and 1994,
respectively.

DISCUSSION

Comparison of flowing and stagnant water
environments

The rates of leaf breakdown in the mainstem and
floodplain pond of the Garonne River system were
similar, whereas the dynamics of the microorganisms
colonizing the leaves at both sites partly differed.
Specifically, the 2- to 3-fold greater fungal biomass in
leaves at the riverine site did not result in a signifi-
cantly faster decomposition of leaves. This finding is in
contrast to observations made in headwater streams,
where leaf decomposition rates have been found to be
positively correlated with maximum fungal biomass
(Gessner & Chauvet 1994, Suberkropp & Chauvet
1995, Maharning & Barlocher 1996, Gessner et al.
1997). In contrast to the substantial difference in fungal
biomass between the 2 sites, fungal production was
similar, suggesting the difference in biomass was due
to greater losses in standing water (e.g. due to selective
feeding of detritivorous invertebrates on leaf areas
colonized by fungi; cf. Arsuffi & Suberkropp 1985). If



one assumes a growth efficiency of 35% (Suberkropp
1991), fungi growing in leaves in the pond would
account for 49 % of the total leaf mass loss observed in
litter bags. This compares to an estimated fungal con-
tribution of 41 % in the river channel and suggests that
fungi may be important agents of allochthonous litter
decomposition in standing water bodies of fluvial sys-
tems, as has been observed in some lotic habitats (see
Gessner 1997, Gessner et al. 1997, Suberkropp 1998a).

Although highest diversity of aquatic hyphomycetes
has been reported from clear fast flowing headwater
streams (Barlocher 1992, Suberkropp 1992, Garnett et
al. 2000), these fungi are also capable of extensive leaf
colonization in larger rivers (Chergui & Pattee 1988,
Baldy et al. 1995), and this is confirmed by the present
results. In contrast, fungal assemblages in standing
water bodies, including floodplain ponds (Chergui &
Pattee 1988), are thought to be dominated by other
types of fungi (e.g. the so-called aero-aquatic
hyphomycetes; Webster & Descals 1981). The lower
diversity of aquatic hyphomycetes in the floodplain
pond compared to the Garonne River (Table 2) and
other streams in south-western France (Chauvet 1991,
Gessner et al. 1993) at first glance may seem to be in
line with this idea. However, the presence of as many
as 16 species and the appreciable sporulation of at
least 2 of them indicates that aquatic hyphomycetes
were an active component of leaf-associated microbial
assemblage even in the standing-water habitat. This
finding is in contrast to observations made in an oxbow
lake of another larger river in France (Chergui & Pat-
tee 1988). Whether it reflects a certain ‘fluvial charac-
ter' of the pond examined in the Garonne floodplain,
due to upwelling groundwater and/or temporary sur-
face or subsurface hydrologic connections to the river
(possibly providing fungal propagules, destroying gra-
dients and supplying dissolved oxygen and nutrients),
requires further investigation. It appears nevertheless
that apart from the fine sediments and the absence of a
constant directional flow, the physical-chemical condi-
tions were not particularly unfavorable to aquatic
hyphomycetes (Table 1).

Variables describing the bacterial assemblages on
leaves likewise showed little difference between the
lentic and lotic sites. Mean bacterial biovolumes
decreased gradually from 0.16 pm? to about half that
value as decomposition proceeded, but they did not
differ between sites. The relative abundance of bacte-
rial morphotypes was also nearly identical throughout
the experiments. Rods in the size range of 0.01 to
0.10 um3 increased at both sites from 30 to 90%,
whereas the proportions of the 8 other morphotypes all
decreased. Cumulative bacterial carbon production in
the river was 3.7-fold higher than in the floodplain
pond; however, this difference was caused by a single

extreme production rate and should hence not be over-
interpreted. If this exceptional value is ignored, the dif-
ference between sites becomes level. These data sug-
gest that the bacterial assemblages associated with
decomposing leaves did not deviate greatly between
the 2 contrasting study sites. Some compositional
differences of the bacterial assemblages may never-
theless have gone undetected, because the morpho-
logical criteria used in this study only allowed a limited
resolution of bacterial community structure.

Comparison between years

The magnitude and temporal dynamics of microbial
growth parameters (Figs. 3 & 5) did not vary greatly in
the 2 consecutive years (1993 and 1994) examined in
this study, both in the mainstem of the Garonne River
and the floodplain pond. Moreover, fungal biomass
associated with poplar leaves in the mainstem was as
high as the biomass found previously (1991) in the
same type of litter in this environment (Baldy et al.
1995). This is a first indication that fungal colonization
dynamics at a given site, in terms of both composition
and productivity, may not vary greatly among years.
Longer-term studies at multiple sites are required to
verify this tentative conclusion.

In spite of the overall similar patterns between years,
peak values of microbial biomass were slightly delayed
and/or lower in 1994-95, and leaf decay rates were also
slightly reduced (p = 0.04 at the river site). The differ-
ence in average temperature resulting from the de-
layed start of the experiment in 1994 (Fig. 1) cannot be
the explanation because the between-year differences
persist even when the decay rates are temperature-nor-
malized by calculating them as a function of thermal
sums (k': leaf breakdown coefficient in degree-day};
Table 3). It must be borne in mind, however, that even
though average temperatures were similar, the temper-
ature regimes differed between years, and the flooding
regimes were also different; both factors could have in-
duced changes in microbial community structure (e.g.
the disappearance of Lunulospora curvula as initial
temperatures dropped; cf. Barlocher 1992, Gessner
1997) and performance on leaves.

Microbial growth characteristics in
decomposing litter

Specific production rates (P/B) of the leaf-colonizing
fungi in the present study (peaks of 0.033 to 0.102 d™1)
fall within the range of values observed in other
aquatic environments (see compilations in Gessner
1997, Suberkropp 2001). Maximum specific production



rates of 0.02 to 0.17 d"!* have been measured in decom-
posing grass, sedge and rush leaves in freshwater
marshes (Newell et al. 1995, Kominkova et al. 2000,
Kuehn et al. 2000) and values between 0.02 and
0.20 d~! have been found associated with tree leaves
from small streams (Suberkropp 1995, 1997, 2001,
Weyers & Suberkropp 1996, Baldy & Gessner 1997,
Gessner & Chauvet 1997). These rates correspond to
maximum turnover times of 5 to 50 d in general and 10
to 30 d in the Garonne River system, and indicate a
remarkable growth potential of aquatic litter fungi.

Peaks in production rates (1.2 to 1.4 mgC per g of
detrital C per day) are also intermediate between
values reported from other aquatic environments
(overall range of 0.24 to 16 mg C per g of detrital C per
day (Newell et al. 1995, Suberkropp 1995, 1997, Wey-
ers & Suberkropp 1996, Gessner & Chauvet 1997,
Kominkov4 et al. 2000, Kuehn et al. 2000). A large por-
tion of this production was apparently allocated to
reproductive structures, particularly in the mainstem
of the Garonne River, as is suggested by the high rates
and temporal patterns of conidial production (Figs. 3
& 4A,B). This reflects the capacity of aquatic hypho-
mycetes to occupy and exploit submerged leaf litter
rapidly and to allocate the assimilated resources to
reproductive structures early in their life cycle
(Suberkropp 1991, 1995, 1998b, Maharning & Bar-
locher 1996, Gessner & Chauvet 1997). This feature of
aquatic hyphomycetes is well known and appears to
be a key element ensuring the success of these fungi in
running water environments. Dispersal of the propa-
gules in standing water environments must neverthe-
less occur by mechanisms other than transport with the
downstream flow.

The relative delay in mycelial and conidial produc-
tion observed in the floodplain pond may reflect a
specific response of the dominant sporulating species,
Anguillospora longissima and A. filiformis, to the
stagnant-water environment. Resource availability for
fungi is clearly less variable in time in the lentic habi-
tat than in the main river channel, where litter may be
easily flushed downstream during high-discharge
events. The delayed sporulation in the floodplain pond
appears to have been triggered by environmental con-
ditions rather than being due to intrinsic properties of
the 2 species, since in pure culture both A. longissima
and A. filiformis start to sporulate as early as other
aquatic hyphomycetes, including some of the domi-
nants in the Garonne River (Suberkropp 1991, Chau-
vet & Suberkropp 1998).

The bacterial turnover times of 0.5 to 12.4 d in the
Garonne River system are well within the range of
values derived from thymidine incorporation into litter-
associated bacteria in other freshwater environments
(Findlay & Arsuffi 1989, Moran & Hodson 1989,

Sinsabaugh & Findlay 1995, Baldy & Gessner 1997,
Thomaz & Esteves 1997). The method used in the pre-
sent study, i.e. dislodging bacteria from their leaf sub-
strate before thymidine incorporation, thus appears to
provide data comparable to those based on other
approaches. Production values obtained with the
[*H]leucine method also fall within this range (Moran
& Hodson 1992, Thomaz & Wetzel 1995, Weyers &
Suberkropp 1996, Kuehn et al. 2000) and point to a
rapid turnover of bacteria associated with submerged
decomposing litter. The rather large discrepancy
observed between bacterial biomass and cumulative
production, even when one extreme production esti-
mate is discarded (Fig. 4C,D), further supports this
idea. What remains unclear, however, is which are the
critical processes that govern the massive bacterial
losses from decomposing leaves, protozoan grazing,
phage lysis, autolysis, or simply abrasion?

Contribution of fungi and bacteria to litter
breakdown

The substantially higher biomass of fungi compared
to that of bacteria observed in this study is consistent
with results from investigations in other litter decom-
position systems in freshwater (Findlay & Arsuffi 1989,
Baldy et al. 1995, Newell et al. 1995, Suberkropp &
Weyers 1996, Baldy & Gessner 1997, Kominkova et al.
2000, Kuehn et al. 2000, Hieber & Gessner 2002).
Although differences were slightly less pronounced in
the floodplain pond, the same general trend was
apparent in both sites and years. It has been argued,
however, that the small proportion of bacterial biomass
may not correspond to a small contribution to de-
composition, because biomass determinations are
likely to underestimate bacterial production and activ-
ity (Findlay & Arsuffi 1989, Baldy et al. 1995, Weyers &
Suberkropp 1996, Baldy & Gessner 1997, Gessner
1997). Indeed, on leaves submerged in the mainstem of
the Garonne River, bacteria accounted for up to 32 % of
the total microbial carbon production (on Day 56 in
1994), even though they made up less than 1% of the
total microbial biomass at this time. Similar trends
have been observed on leaves decomposing in a small
lowland stream (Weyers & Suberkopp 1996) and in
freshwater marshes (Newell et al. 1995, Kuehn et al.
2000). In all of these studies, however, fungi were gen-
erally maintained at a higher proportion in the micro-
bial assemblages even on a production basis and even
at advanced stages of litter decomposition, when bac-
teria typically become relatively more important. The
fungal predominance was accentuated in the flood-
plain pond with a bacterial contribution to total micro-
bial production of only 6 %, despite a relatively higher



biomass of bacteria compared to the river (3 % instead
of 1% of the total microbial biomass). Thus, although
bacteria may be of greater significance in leaf decom-
position than has been predicted based on estimates of
litter-associated biomass, our comparative analysis of
fungal and bacterial productivity corroborates the
importance of fungi, even on leaves submerged in a
river floodplain pond.
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