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ABSTRACT: Standing dead plant litter of emergent macrophytes often forms a considerable portion of
the detrital mass in wetland habitats. We examined the effects of varying environmental conditions on
the die1 respiratory activity (rate of CO2 evolution) of microbial assemblages associated with standing
dead litter of the emergent macrophyte Juncus effusus L. from a small freshwater wetland in central
Alabama, USA. Availability of water was a major factor affecting rates of respiration in standing litter.
Under field conditions, rates of CO2 evolution from plant litter fluctuated greatly, with the highest rates
occurring at night and in the early morning hours, coinciding with increasing relative humidity (>go%)
and plant litter water potentials (>-1.0 MPa). Rates ranged from 2 to 285 pg CO2-Cg-' organic mass h-'
over 24 h. Daily CO, flux from microbial decomposers inhabiting standing litter ranged between
1.37 and 3.35 g C m-2 d-l. After controlled laboratory additions of water, rates of CO, evolution from
standing litter increased significantly, with sustained maximal rates occurring within 5 min after being
wetted ( > l 0 0 1-19 CO2-C g-l organic mass h-'). Results of these investigations establish that J. effusus
litter is colonized by active microbial decomposers while in the standing dead phase. Furthermore,
these microbial assemblages make significant contributions to ecosystem metabolism and may represent an important CO2 output not previously recognized or incorporated in estimates of CO2 flux from
wetland habitats.
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INTRODUCTION

Wetlands are among the most productive ecosystems
known, with annual above ground plant production
frequently exceeding 1000 g dry mass m-2 yr-l (Mitsch
& Gosselink 1993). The growth of emergent macrophytes often constitutes a significant portion of this
annual plant production (Wetzel 1990, Gessner et al.
1996), with much of the fixed carbon residing in the
structural material of cell walls (i.e. lignocellulose).
Very little (e.g. < 5 % ) of the plant matter produced
within these habitats is directly consumed by herbivores (Teal 1962, Mann 1988). Consequently, most
plant litter eventually enters the detrital food web
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where microbial populations (bacteria and fungi) are
involved in its decomposition and mineralization.
Thus, wetland ecosystems are often viewed as detritus-based, with decaying vascular plant litter representing an important energy input (Mann 1988).
In many emergent macrophytes, leaf abscission does
not occur following senescence, resulting in the accumulation of standing dead leaves that begin to decay
while still attached to the parent plant (Newell 1993,
1996, Barlocher & Biddiscombe 1996, Samiaji & Barlocher 1996). Large amounts of standing dead plant
material can accun~ulatein wetlands, and at certain
times of the year may exceed the above ground mass of
living plant matter (Jordan & Whigham 1988, Christian
et al. 1990, Lee 1990).Diverse fungal assen~blageshave
been identified from standing dead litter of both freshwater and salt marsh emergent macrophytes (e.g.
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Apinis et al. 1975, Kohlmeyer et al. 1995, 1996, Samiaji
& Barlocher 1996). However, despite evidence of ex-

tensive fungal colonization, few investigators have
examined the role of microbial assemblages in standing litter decay (Newell 1993, 1996, Barlocher & Biddiscombe 1996, Newel1 et al. 1996, Samiaji & Barlocher
1996). Most studies of marine and freshwater vascular
plant decomposition have focused on plant detritus
that has been harvested and placed at the sediment
surface (e.g. Thormann & Bayley 1997), leading to an
alteration in the natural decay sequence (Newel1
1993).
In Spartina salt marshes, microbial assemblages
associated with standing litter appear to be well
adapted to fluctuations in moisture levels, as their rates
of respiration vary greatly depending on moisture
availability (Gallagher et al. 1984, Newel1 et al. 1985,
1996, Buth & Voesenek 1988). Furthermore, Newel1 et
al. (1985) demonstrated that microbial assemblages
could mineralize a considerable fraction of the plant
carbon while in the standing dead phase. The frequent
occurrence of fungal decomposers in standing litter
suggests that these microorganisms contribute significantly to plant litter decay before its entry into the
aquatic environment, and have important impacts on
carbon mineralization and nutrient recycling in wetland and littoral habitats.
Wetland ecosystems have generally been considered
net carbon sinks due to the large annual plant production associated with these habitats and anaerobic
sediment conditions that contribute to the slow decomposition and accumulation of deposited organic matter.
However, several investigators have speculated that
increases in global temperatures and anthropogenic
disturbance of natural wetlands may lead to increased
litter decomposition, thus shifting wetlands from net
carbon sinks to net sources of atmospheric CO2 and
CH, (Gorham 1991, Moore 1994, Bridgham et al. 1995).
As a result, wetland ecosystems have been implicated
as potential sources of greenhouse gases (CO2 and
CH,), thereby providing a positive feedback on global
warming (Bridgham et al. 1995), and highlighting the
need for further studies examining the ecology and biogeochemistry of wetland ecosystems (Gorham 1994).
In the presenl sludy, we examined the effect of temperature and moisture availability on the rates of
microbial respiratory activity (CO2 evolution) associated with standing litter of the freshwater emergent
macrophyte Juncus effusus L. under both laboratory
and field conditions. Specifically, we measured the
short-term diel responses of microbial assemblages to
the daily changes in environmental conditions that are
experienced in the standing dead phase. Since fungi
are common inhabitants of standing dead litter, we
also examined the dynam~csof fungal propagules

within the atmosphere above decomposing J. effusus
litter. Lastly, we estimated the potential contribution of
microbial assemblages inhabiting standing litter to
overall wetland metabolism.

METHODS

Study site. These investigations were conducted in
a small (13.6 ha) freshwater wetland located in the
Talladega National Forest, Hale County, Alabama,
USA (32"54' 30" N, 87" 26' 30" W). The wetland is in
the Coastal Plain physiographic province of the Mobile
River drainage basin and occupies the southern portion of a stream valley impounded by beaver. The
surrounding catchment is 384 ha and is composed of
mixed coniferous-deciduous forests. Two predominant
vegetative zones occur at the wetland site: an open
water zone dominated by the white water lily
Nymphaea odorata Ait. covering 8.8 ha, and a marginal region dominated by the rush Juncus effusus L.
covering 4.5 ha.
Field studies. Die1 fluctuations in rates of microbial
respiration (CO2evolution) associated with standing
dead plant litter were monitored under a variety of
environmental conditions from August 1993 to September 1994. Two sampling dates included periods of
rainfall so that effects of precipitation could be
assessed. During these studies, standing dead leaves
of Juncus effusus were randomly collected from the
outer periphery of replicate plant tussocks at intervals
ranging from 1 to 14 h. Leaf litter samples (upper 34
portion of leaf) were cut into 10 cm leaf pieces and
rates of CO2 evolution measured as described below.
Plant material was also cut into 2 cm leaf pieces to
determine plant litter water potentials (see below).
Environmental conditions and airborne fungal spore
concentrations were also monitored (see below). Plant
litter samples were also collected at the completion of
diel studies for determination of fungal biomass within
decaying plant matter.
Laboratory studies. The effects of temperature and
moisture on rates of CO2 evolution from standing litter
were studied under controlled environmental conditions in the laboratory. Dry standing litter was collected from 3 plant tussocks at the wetland, placed on
ice, and returned to the laboratory. Subsamples of dry
litter were immediately cut and rates of CO2 evolution
measured Samples were also collected to determine
plant litter water potentials and fungal biomass. After
recording initial rates of CO2 evolution and water
potentials, the remaining plant litter was wetted with
deionized water and enclosed in a ventilated plexiglass chamber (0.7 X 0.5 X 1.4 m ) . A mist-generating
vaporizer (Kaz Inc.) placed within the chamber kept
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plant 11tter watel- saturated. Subsamples of litter were
removed 5 min after initial wetting and then periodically over 24 h for measurement of microbial respiration rates, water potentials and fungal biomass. Ternperature was held constant at 20.3 1.7"C.
The effect of temperature on rates of CO, evolution
from plant litter was monitored on 2 dates (September
and December 1993).Dry standing litter was collected
and returned to the laboratory (as above). Leaf litter
was cut into 10 cm leaf pieces and 10 leaf pieces placed
into sterile culture plates (150 X 20 mm) containing
filter paper (Whatman, qualitative #2). Leaf samples
were wetted with deionized water (ca 10 ml) and
drained of excess water. Samples were then placed in
a 10°C incubator, allowed to equilibrate for 2 h , and
rates of CO2 evolution were n~onitored.The incubator
temperature was increased in increments of ca 10°C
up to 30°C and then in increments of ca 5°C up to 45"C,
allowing the same leaf litter samples to equilibrate at
each temperature setting for 2 h before measurements
of CO2 evolution rates were repeated. Leaf piece
samples and filter paper were kept water saturated
throughout these studies by repeated addition of deionized water (as above).
Respiration rates. In both laboratory a n d field
studies, rates of CO, evolution from standing Juncus
effusus plant litter were measured by enclosing leaf
litter samples in a LiCor Li-600-11, 0.25 1 sample chamber connected to a LiCor Li-6250 Infrared gas analyzer
(LiCor Inc.). The instrument allows changes in CO,
concentration to be monitored in situ over short time
peiiods. In addition, the instrument provided temperature data during sample incubations. Collected leaf litter samples were cut into 10 cm pieces and 10 leaf
pieces were enclosed in the LiCor sample chamber.
After a period of instrument stabilization (1 to 2 min,
see LiCor Inc. 1987), the linear rate of CO2 evolution
was monitored for 10 min. After respiration rates were
determined, plant material was stored on ice, returned
to the laboratory, dried at 60°C to a constant weight,
and organic content determined after con~bustion
overnight ( > l 2 h) at 550°C.
Laboratory experiments were conducted to examine
the potential involvement of epiphytic algae a n d abiotic
factors on rates of CO2 evolution from plant litter. Plant
litter was collected from 3 plant tussocks, placed on ice
and returned to the laboratory. Leaf pieces were cut
and wetted as described above. Rates of carbon dioxide
evolution from plant litter were then monitored for untreated and autoclaved litter samples. Rates of CO, evolution from sterilized plant litter samples were negligible compared to untreated samples (Table 1). Similar
results were obtained for plant litter samples incubated
at 10 and 30°C (data not shown). These experiments
established that CO2 evolution from standing plant

*

Table 1 Juncus effusus Rates of carbon d i o x ~ d ee v o l u t ~ o n
from water saturated standlng dead plant l ~ t t e rexposed to
dlffeient treatments in the laboratory Llght treatment conducted under lntensities of ca 1000 pm01 m - s Oh4 orqanic
mattei

'

Sample treatment
Untreated
Autoclaved
Autoclaved"
Light
Dark

pg CO2-C g-' OM h-' at 20°C
(mean t SE)
99.1 * 21.8
0.9 * 0.9
-2 8 t 2.4
110.1 + 35 1
125.1 * 30.2

"After wetting wlth sterile deionized water eni-lched with
NaHCO, (10 m g 1.')

litter was the result of the metabolic activities of inhabitant microbiota. Rates of CO2 evolution from untreated
samples were also monitored under both full sunlight
(ca 1000 pm01 m-2 S-') a n d dark incubation conditions.
No significant differences in rates of CO2 evolution
were observed for plant samples incubated under full
sunlight or dark conditions (p = 0.76, Student's t-test)
(Table l ) , indicating the absence of any appreciable
carbon fixation by epiphytic algal assemblages.
Plant litter water potentials. Water potentials of
plant litter were recorded using a dew-point microvoltmeter (model HR-33T, Wescor Inc.). Five leaf pieces
(2 cm) were placed in each of 3 replicate sample chambers (C-30, Wescor Inc.). Chambers were placed in a
Styrofoam cooler and allowed to equilibrate for 3 h.
Measurements were made using the dew-point hygrometric mode and recorded when readings were stable
and reproducible. A salt solution (0.55 M NaC1) of
known water potential (-2.5 MPa) was used for chamber/instrument calibration. Sensitivities of (C-30) chambers used in this investigation were confined to a
narrow range of measurable water potentials, as determined by the manufacturer (Wescor Inc. 1986, see
Newel1 et al. 1991). Maximum sensitivity (i.e. lowest
measurable water potential) of chambers averaged
-7.6 k 0.3 MPa. Water potentials lower than these
values were assumed to be equal to the corresponding
chamber sensitivity.
Environmental conditions. A Campbell-CM6 meteorological station and CR-10 data logger (Campbell Scientific Inc.) monitored temperature ("C), precipitation
(nun),relative humidity ( X ) ,wind speed (m S-') and light
intensity (pm01 m-' S-'). Temperature data of plant litter
enclosed within the LiCor sample chamber was also
obtained directly from the LiCor Li-6250 gas analyzer.
Airborne spore concentration. Airborne fungal
spores were sampled within the Juncus e f f u s u s dominated portion of the wetland using a Kramer-Collins
volumetric spore trap (Kramer et al. 1976).The sampler
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was positioned ca 10 cm above the J. effusus canopy.
Airborne particulates (pollen, fungal spores etc.) were
collected on an adhesive coated tape applied to the
outer surface of a removable sampling wheel (15 cm
diameter). The adhesive tape was coated with a thin
layer of hexa-silicone (n-hexane + silicone grease)
(Smith 1990) containing 0.05% v/v thimerosol to facilitate particle retention and prevent spore germination
and growth. Ten minute air samples were collected
every 2 h. Upon completion of diel studies, the sampling wheel was removed and returned to the laboratory. The tape was then removed, sectioned and
mounted on glass slides. Airborne particulates (pollen
and fungal spores) retained on the tape were stained
with 1 % Calberla's solution (Smith 1990) and microscopically counted and identified if possible.
Fungal biomass. Fungal biomass was determined by
the extraction and quantification of ergosterol from
plant litter samples (Gessner & Newel1 1997). Sixty leaf
pieces (2 cm) were collected from each replicate Juncus e f f u s u s tussock at the completion of respiratory
experiments. Three replicates, each containing 10 leaf
pieces, were placed into 5 m1 of methanol and stored at
-20°C until extracted. An additional 3 replicates (10
leaf pieces each) were dried at 60°C to a constant
weight and combusted overnight at 550°C to determine organic mass of leaf material. Ergosterol was
extracted by refluxing samples in alcoholic KOH (25 m1
methanol + 5 m1 4 % KOH in 95 % methanol) for 30 min
(Suberkropp & Weyers 1996). The resultant extract
was partitioned into n-pentane and evaporated to dryness under a stream of nitrogen gas at 30°C. Dried
samples were redissolved by water bath sonication
(Branson Inc.) in 2 m1 of methanol and filtered (0.45 pm
Acrodisc PTFE filters). Samples were stored tightly
sealed at -20°C until analyzed. Ergosterol was separated with a Whatman partisphere C-18 reverse phase
column (0.46 X 12.5 cm with 20 p1 sample loop) (Whatman Inc.) connected to a Shimadzu LC-lOA5 liquid
chromatography system (HPLC) (Shimadzu Scientific
Inc.).The mobile phase was methanol (HPLC grade) at
a constant flow rate of 1 m1 min-'. Ergosterol was
detected at 282 nm with a Shimadzu SPD-1OA UV-VIS
detector (retention time of 6.5 mm). Ergosterol contents
were identified and quantilied bdsed on con~parison
with known ergosterol standards (Fluka Chemical Co.).

RESULTS

Field studies
Microbial respiration associated with standing litter
exhibited significant diel periodicity in August 1993
( p < 0.01, Kruskal-Wallis) (Fig. 1A). Rates of CO2 evo-
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Fig 1. Diel changes in (A) rates of CO2 evolution from standing lltter of Juncus effusus and ( B ) alr temperatures and relative humidity above decaying litter on August 19-20, 1993.
Diel changes in (C) water potentials of plant litter and (D)airborne spore concentrations are also illustrated. Means r SD
for CO2 and temperature (n = 2); means ? SE for water potential values (n = 3).Symbols for airborne spore concentrations
and relative humidity are single point measurements (n = 1).
Dark horizontal bar on x-axis in (D) indicates nighttime;
hatched horizontal bar indicates daytime

lution ranged between 5 arid 176 pg CO2-C g-' organic
mass h-' (Table 2) and were significantly correlated
with environmental c0ndition.s (Table 3). At night, decreasing temperatures and increasing relative humidity (>go%) (Fig. 1B) contributed to dew formation on
standing litter, leading to increased plant litter water
potentials (i.e.greater water availability) (Fig. 1C).The
highest rates of CO2 evolution (Fig. 1A) occurred during these wetting periods. During the day, increasing
temperatures (Fig. 1R) and exposure to sunlight contributed to the desiccation of plant litter and had a
negative effect (r = -0.85, p < 0.001, Spearman) on
rates of CO, evolution (Table 3). Concentrations of airborne fungal spores above decomposing Juncus effusus
litter also showed a dlel periodicity (Fig. ID), with peak
concentrations coinciding with maximal rates of COp
evolution (r = 0.75, p < 0.001, Spearman).
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In December 1993, microbial assemblages in standing litter remained active throughout the daytime with
no significant fluctuations in rates of CO2 release
(p = 9.11, Kruskal-Wallis) (Fig. 2A). Cooler temperatures (Fig. 2B) and precipitation (Fig. 2C) in the afternoon hours prevented litter from drying. Rates of CO2
evolution were lower than those recorded during
warmer sampling periods, ranging between 3 and
96 pg CO,-C g-' organic mass h-' (Table 2 ) . Water
potentials of plant litter remained high until drying conditions contributed to the desiccation of litter on the last
day of that study (Fig. 2C). Water potentials decreased
from -1.4 to -6.3 MPa, with a corresponding decrease
in microbial respiration rates (Fig. 2A). Even under
relatively constant moisture and temperature conditions,
airborne fungal spore concentrations still showed a die1
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Fig. 2. Die1 changes in (A) rates of CO, evolution from standing litter of Juncus effususand (B) air temperatures and relative humidity above decaying litter on December 14-16, 1993.
Diel changes in (C) precipitation and water potentials of plant
litter and (D) airborne spore concentrations are also illustrated. Means * SD for CO2 and temperature (n = 2 ) ; means +
SE for water potential values (n = 3 ) . Values for precipitation
(mm) indicate the amount accumulated over a 1 h period.
Symbols for airborne spore concentrations and relative humidity are single point measurements (n = 1).Dark horizontal
bar on x-axis in (D) indicates nighttime; hatched horizontal
bar indicates daytime
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Rates of CO2 evolution associated
with standing litter in ~~~~h 1994
were low and highly variable (Fig. 3A),
I
I
with no sianificant differences in rates
Carbon dioxide vs Temperature Relative
Water
Light
Wind
of CO2 evolution observed (p = 0.13,
humidity potential intensity speed
Kruskal-Wallis). Both cold temperatures and low water potentials may
0.85...
-0.45-o,~~...
August 1993
-0.85"'
0.72"'
have
affected rates of respiration from
0.69"
-0.36"
-0.09
-0.17
-0.27
September 1993
0.76"
-0.30
-0.22
-0.11
0.72 " '
December 1993
standing litter during this study period.
-0.13
-0.17
0.12
0.48"
March 1994
-0.21
Low rates of CO, evolution were noted
0.75"'
-0.44"
-0.39"
-0.40"
0.45"
June 1994
in the morning hours at the start of diel
0.37'
0.86"'
-0.30
-0.14
September 1994
-0.77"'
experiments when temperatures were
"'p < 0.001, ' ' p < 0.01, ' p < 0.05
low (3°C) (Fig. 3B), despite the presence of high litter water potentials
(-1.0 MPa) (Fig. 3C). As the temperatures increased during the day, litter water potentials
pattern, with peak concentrations occurring at night
decreased due to the drying of exposed plant matter.
(Fig. 2D). However, maximum concentrations were half
Water potentials remained low until dew formation
those reported during warmer periods (Table 2).
on standing litter at night, leading to increased rates
of microbial respiration. However, even under optimal
moisture conditions, lower nighttime temperatures
appeared to affect the respiratory rates of resident
microbial assemblages. Rates of CO2 evolution ranged
I
between 0 and 111 pg CO2-C g organic mass h-'
(Table 2). Airborne fungal spore concentrations con~ l ' l ' l ' , ~ l ' l ' , ~
tinued to show a diel periodicity (Fig. 3D).
The remaining diel field studies (Table 2) consistently pointed to the availability of water (i.e. rainfall,
dew formation) as an important factor affecting
microbial respiratory activities in standing litter. In
the absence of precipitation, a distinct die1 response
in rates of CO2 evolution was observed, with increasing rates occurring only at night when high relative
humidities resulted in dew condensation on standing
.- ~
l
\
l
,
,
,
l
,
~
litter. Maximum rates of CO2 evolution were noted
during the early predawn hours, when plant litter
a
had been exposed to dew-forming conditions for
-b
several
hours. Significant positive correlations were
2 -10
observed
between rates of CO2 evolution and plant
40
m
Wo
litter water potentials during each field sampling
30
date (Table 3). Furthermore, using combined data
n
from
all field dates, plant litter water potentials were
20
E x
5.- g
a significant predictor of rates of CO2 evolution
a
10
(Fig. 4). Rates of CO2 evolution ranged from below
0
15 (0 in March 1994) during periods of desiccation to
7 9 11 13 15 17 1 9 2 1 23 1 3 5 7 9 1 1
as high as 285 pg CO2-C g-' organic mass h-' (June
Tlme (h)
1994) during periods of water saturation (Table 2).
Fig. 3. Die1 changes in (A) rates of CO, evolution from standDuring the daytime, increasing temperatures led to
ing litter of Juncus effusus and (B)air temperatures and relastanding litter and a decrease in
the desiccation
tive humidity above decayinq litter on March 4 - 5 , 1994, Die1
rates
of
microbial
respiration.
However, temperatures
changes in (C)water potehtia~sof plant litter and (D) airborne
spore concrmtrations are also illustrated. Means + SD for CO2
exhibited sianificant neaative correlations with r e s ~ i and temperature (n = 2); means i SE for water potential v a l
ratory activ;ties only &ring sampling dates
ues ( n = 3 ) . Symbols for airborne spore concentrat~onsand reltemperatures exceeded 300C
3),
ative hunudity are single point measurements ( n = 1). Dark
Average
hourly
rates
of
CO2
evolution
were
sighorizontal bar on x-axis in (D) indicates niqhttime; hatched
horizontal bar indicates daytime
nificantly different among sampling dates (p < 0.05,
Table 3. Spearman rank-order correlation coefficients showing the relationship
between rates of CO, evolution versus plant litter water potentials and environmental variables collected over the study period
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Fig. 4. Effect of litter water poterltials on rates of CO, evolution from standing dead Juncus effusus litter using combined
data from all field sampling dates. Rates of CO, evolution
adjusted to a temperature of 25°C using a Qlo of 1.95. Linear
regression model: rate of CO2 evolution = 21.4 (water potential) + 186, r2 = 0.63, p < 0.0001

Kruskal-Wallis), ranging between 33 and 153 pg
CO2-C g-' organic mass h-', with lower rates occurring during periods of lower average temperatures
(Table 2). Based on estimates of above ground standing detrital mass of Juncus effusus (annual mean
1310 g m-2, range 571 to 2302 g m-2; R. G. Wetzel
pers. comm.), the microbial respiration rates reported
here represent a net carbon flux of between 1.37 and
3.35 g m-2 d-' from microbiota inhabiting standing
litter (Table 2).
Airborne fungal spore concentrations above
decomposing Juncus effusus litter continued to show
a die1 pattern during the remaining field investigations, with the highest atmospheric concentrations
occurring at night. In the absence of precipitation,
airborne fungal spore concentrations were negatively
correlated with light intensities and positively correlated with relative humidity (Table 4). However,
spore concentrations were significantly correlated
with rates of CO2 release on only 1 sampling date
(August). Spore concentrations were higher during

Time (h)

Fig. 5. Changes in rates of CO2 evolution from standing dead
Juncus effusus lltter and corresponding plant litter water
potent.ials after litter was wetted in the laboratory. Changes
in temperature are also illustrated. Means SE (n = 3)

*

the warmer periods of the year. Spores identified in
collected air samples were small ( < l 0 pm) hyaline
spherical and rod shape spores, which were similar
to spores of the dominant coelomycete and basidiomycete taxa identified from standing dead litter
(i.e. Phoma sp., Panellus copelandii (Pat.) Burdsall
& Miller, Marasmiellus sp.) (Kuehn & Suberkropp
unpubl. data).
Ergosterol concentrations of decomposing Juncus
e f f u s u s litter ranged between 296 and 399 pg ergosterol g-' organic mass and were not significantly different among sampling periods (p = 0.68, ANOVA)
(Table 2). Based on the conversion factor of 5 pg ergosterol mg-' fungal mass (Gessner & Newel1 1997) this
represents 48 to 64 mg living fungal biomass g-' detrital organic mass.

Table 4. Spearman rank-order correlation coefficients showing the relationship between airborne spore concentrations versus environmental vanables
collected over the entire study period
Airborne spores
in
August 1993
September 1993
December l993
March 1994
June 1994
September 1994

vs Temperature

-0.92
-0.08
-0.51 "
-0.56"
-0.48
-0.89"'

m "

"'p < 0.001, "p < 0.01. ' p c 0.05

Relative
humidity

Light
intensity

Wind
speed

Laboratory studies
In the laboratory, microbial assemblages responded rapidly to being
wetted (Fig. 5), under constant temperature conditions. Significant increases ( p < 0.001, ANOVA) in rates
of CO2 evolution from leaf litter were
observed within 5 min after exposure
to water saturating conditions (from 2
to 123 pg CO2-C g-' organic mass h-').
Rates of CO2 evolution remained high
for up to 24 h after initial wetting with
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Fig. 6. Effect of temperature on rates of CO2 evolution from
water saturated leaves of standing dead Juncus effususin the
laboratory. Means + SE ( n = 3)

no significant change in rates of C02released (p > 0.05,
ANOVA, Tukey). Rates of CO2 evolution were positively correlated with changes in plant litter water
potentials (r = 0.92, p < 0.001, Pearson). No significant
changes in ergosterol contents were noted after
wetting of plant litter (p > 0.05, ANOVA).
When wetted, microbial assemblages associated with
standing dead litter also responded to changes in temperature (Fig. 6). As the temperature was increased
from 10 to 30°C, the rate of CO2 evolution from water
saturated plant litter increased markedly. From 10 to
30°C, the relationship between CO2 evolution and
temperature could be described with the exponential
model: (September 1993, C = 40.0e0-0"~r2 = 0.98, p <
0.001); (December 1993, C = 32.6e0070?r2 = 0.85, p <
0.001; where C is the rate of CO2 evolution and T is
temperature in "C). The calculated Q l o for data spanning this range in both experiments averaged 1.95.
Rates of CO2 evolution at temperatures exceeding 30°C
remained high, but leveled off between 200 and 278 pg
CO2-Cg-' organic mass h-' (Fig. 6).

DISCUSSION
Results obtained in this study indicate that microbial
colonization of Juncus effusus litter occurred while in
the standing dead phase. Fungal biomass associated
with standing J. effusus litter in the present study
varied between 5 and 6% of the total detrital dry
weight, and is similar to values reported previously for
standing dead litter in marine and freshwater habitats
(Newel1 & Fallon 1989, Newel1 et al. 1989, 1995, 1996,
Newel1 1993). Furthermore, measuremen.t of rates of
CO2 evolution indicated that significant mineralization
of plant litter can occur while it is in the exposed standing position, before ~t comes in contact with microbial
assemblages associated with the water or surface sediments. Thus, standing J. effusus litter has a well-

established microbiota, which appears to be metabolically adapted to the cyclic environmental conditions
that are experienced while in the standing dead phase.
In the present study, both field and laboratory investigations indicated that the water potential of plant
litter was a major factor affecting microbial respiration.
These results agree with previous studies of standing
salt marsh litter, which found that plant litter moisture
contents significantly affect the rates of both CO2 evolution and litter mass loss (e.g. Gallagher et al. 1984,
Newel1 et al. 1985, Halupa & Howes 1995). Halupa &
Howes (1995) established that tidally mediated moisture contents were a dominant factor controlling
standing litter decay of Spartina alterniflora Loisel. and
Spartina patens (Ait.) Muhl. Standing dead litter
exposed to greater frequency and magnitude of tidal
inundation experienced greater rates of decay versus
plant litter found higher in the tidal zone. In addition,
under laboratory conditions, respiratory activity of
microbial decomposers in standing litter increased significantly as moisture content increased (Halupa &
Howes 1995). In an earlier study, Newel1 et al. (1985)
found that respiratory activity of microbial assemblages associated with standing dead salt marsh litter
can fluctuate rapidly after exposure to wetting (dewformation) or drying conditions. During periods of desiccation (water content <30%, - 4 . 0 MPa, see Newel1
et al. 1991), microbiota associated with plant litter of
both S. alterniflora and Juncus roemenanus Scheele
released CO2 at very low rates (1 to 10 pg CO2-C g-l
dry wt h l ) . However, upon exposure to water (water
content >50%, --2.5 MPa ), rates of CO2 evolution
from plant litter increased dramatically (>l00 pg CO2C g-' dry wt h-'), maintaining high rates until exposure
to drying conditions (Newel1et al. 1985).
In a more recent study, Newel1 et al. (1996) found
that frequent periodic misting of standing Spartina
alterniflora litter had a negative effect on fungal productivity and densities of ascomata of Phaeosphaeria
spartinicola Leuchtmann, the predominant fungal decomposer of standing dead leaf blades of S. alterniflora. These findings provide evidence that fungal
decomposers of S. alterniflora litter are adapted to
the standing dead environment, and are apparently
dependent upon the cyclic episodes of desiccation/
wetness for optimal growth and reproduction (Newel1
et al. 1996). In the present study, large increases in
fungal spore concentrations above decomposing plant
litter occurred at night, during periods of high water
availability. These results suggest that fungal decomposers of Juncus effusus and other substrates may
require dark conditions and/or increased nighttime
moisture conditions for release of spores. Moisture
requirements for spore release have been documented
in several fungal species (Ingold 1971).

Kuehn & Suberkropp: Die1 fluctuations in microbial respiratory activity

Maximum rates of CO2 evolution observed for litter
of Juncus effusus are within the range reported for
standing litter in salt marsh habitats (Gallagher & Pfeiffer 1977, Gallagher et al. 1984, Newel1 et al. 1985, 1989,
1996, Buth & Voesenek 1988, Newel1 & Fallon 1989,
Halupa & Howes 1995). However, the values reported
in many of these studies represent only the maximum
rates of CO2evolution possible, as plant litter samples
were submersed or saturated with water prior to incubation and measurement. The present study and those
of Gallagher et al. (1984) and Newel1 et al. (1985) represent the only investigations that have determined
rates of CO2 evolution from standing litter under natural field moisture conditions. Furthermore, to our
knowledge, Newel1 et al. (1985) is the only published
study that examined changes in rates of microbial respiration in standing litter over short time scales. The
results of the present study show that the activities of
the microbiota associated with standing litter in freshwater environments respond to wetting as rapidly as
standing litter in salt marsh systems.
It is not surprising that the dynamics of standing litter decay have been largely neglected, since measurements of CO2 evolution from standing litter during the
day would reveal very low rates of respiration from
inhabitant microbiota. Such observations could lead
to the assumption that colonization and subsequent
microbial decay of plant litter commences only as plant
litter falls to the sediment-water interface. However, in
this case, the researcher has imposed a '...perceptual
bias, a filter through which the system is viewed.'
(Levin 1992). It is only when these rates are examined
at a finer temporal scale that we begin to distinguish
and appreciate the potential contribution and adaptive
qualities of microbial assemblages inhabiting standing
litter. The rationale behind this argument is illustrated
in the present study (Fig. lA), where peak metabolic
activities of microbial decomposers occurred primarily
at night when field investigations are not likely to be
conducted.
The effect of temperature on microbial respiratory
activities in standing dead litter further illustrates how
completely different conclusions can be drawn at different observational scales. When examined on a fine
temporal scale (hours), increasing temperature had a
negative effect on microbial activities, as high temperatures contributed to the desiccation of plant litter and
caused increased water stress of inhabitant microbiota.
However, when analyzed over an annual cycle, increasing temperature had a significant positive relationship with maximum rates of CO2 evolution (r =
0.69, p < 0.01, Pearson), since higher nighttime temperatures during the summer together with optimal
moisture conditions resulted in higher rates of microbial respiration. Therefore, the relationship between
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respiration and temperature (and possibly other environmental factors) may vary depending on the specific
scale of observation.
Carbon dioxide emission rates have bee11 reported
from a variety of wetland habitats (Table 5). However,
in wetland habitats dominated by emergent macrophytes, very few studies have attempted to incorporate
the contribution of above-ground microbial decomposers (standing dead litter) in CO2 flux measurements. Emphasis has often been placed on the dynamics of plant litter decay in the sediments, by
determining rates of carbon mineralization from sediment cores (e.g. Howes et al. 1985, Nyman & DeLaune
1991, Updegraff et al. 1995), or from small in situ
chambers in which above-ground plant material had
been removed (e.g. Smith et al. 1983, Luken & Billings
1985, Kim & Verma 1992, Martikainen et al. 1995, Silvola et al. 1996). Additional studies have monitored
CO2emissions from wetlands using chambers that may
have included standing plant litter (Whiting 1994,
Paludan & Blicher-Mathiesen 1996). However, these
studies were conducted under conditions in which the
respiratory activity of microbial inhabitants in standing
litter is likely to be minimal (Le, daytime desiccating
conditions). Whiting (1994) used a large climate controlled incubation chamber (see Whiting et al. 1992) to
monitor net COz flux from a Carex-dominated wetland. During these studies, the chamber temperature
was decreased and the chamber was shaded during
the day in an attempt to simulate natural nighttime
conditions. However, the chamber was equilibrated for
only 20 to 30 min prior to gas flux measurements. Such
short-term incubations may not allow time for sufficient dew formation on standing litter, and may result
in nearly minimal activities from inhabitant microbiota.
Thus, CO2 flux rates reported in these investigations
may be an underestimate, since the contribution of
above-ground microbial assemblages was nearly or
fully excluded from total gas flux measurements.
In another recent study, Magenheimer et al. (1996)
also used large incubation chambers to measure CH,
and CO2 emissions from salt marsh habitats in New
Brunswick, Canada, where standing dead plant matter
is known to occur (Samiaji & Barlocher 1996). However, the timing of chamber incubation and sampling
(daytime vs nighttime) was not clearly indicated. Thus,
it is not clear whether respiratory activities of microbial
assemblages inhabiting standing litter were incorporated in the reported gas flux estimates. Diel studies
which use large chambers that include above-ground
vegetation may incorporate respiratory activities of
microbial decomposers inhabiting standing litter (e.g.
Grulke et al. 1990, Whiting et al. 1992, Vourlitis et al.
1993, Yavitt 1994). If standing litter is exposed to natural wetting conditions (i.e. precipitation, dew) prior to
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Table 5 Rates of CO2 release reported from varlous wetland h a b ~ t a t sand est~matesfrom standlng dead plant litter Condlhons of
flux lncubatlons PS, peat surface, SS, s e d ~ m e n tsurface, SDL, standlng dead l ~ t t e rNR not recorded (-1 Above-ground vegetation cllpped and removed pnor to flux measurements (+) Flux measurements ~ncludingabove-ground vegc tdtlon and litter
( ' ) Flux measurements taken from the sediment surface adjacent to Juncus effusus plant tussocks, flux measurements do not
Include above-ground vegetation or l ~ t t e r
g CO2-C m-2 d-'
Average
Range

Temperature ("C)
Range

Location

Minnesota. USA

9.80
1.92

2.70 - 16.70
0.05 - 7.20

7 - 20
-4 - 22

9.25
5.67
7.16
0.78
1.76
1.13
0.52
0.46
2.50

0.84 - 22.46
1.73 - 10.37
1.73 - 12.96
0.03 - 2.99
0.00 - 6.22
0.03-409
0.43 - 10.80
0.74 - 7.68
0.30 - 3.70

11 - 33
18 - 23
14 - 30
NR
NR
NR
0 - 18
0 - 19

0.63
0.27

0.30 - 1.26
0.11 - 0.42

0.7 - 13
2 - 14

0.79
1.24

1.80 - 10.80
0.12 - 2.44

5 - 20
7 - 20

2.33

1.37 - 3.35

3-36

0.62
1.67

0.00 - 1.66
0.00 - 4.46

NR

Conditions

West Virginia, USA
Ontario, Canada

PS, PS. +

New Brunswick
Denmark

PS, +
PS, +
PS, +
PS. +
PS. +
PS, +
PS, PS, PS, PS, +

Flnland

PS, -

Alabama, USA
Alabama, USA

SS, '
SDL

Georgia, USA

SDL

Maryland /
West Virginia, USA
Flnland

10 - 30
10 - 30

Habitat

Source

Klm & Vernla (1992)
Bog
Freshwater bog
Yavitt et al. (1993)d
Freshwater
Whiting (1994)
Bog
Interior fen
Coastal fen
Bog
Yavitt (1994)
Swamp
Marsh
Fen
Martikainen et al. (1995)
Bog
Salt marsh
Magenheimer et a1 (1996
Forested wetland
Paludan &
Site 1 (LN)
Blicher-Mathiesen (1996)
Site 2 (LF)
Fen (virgin)
Silvola et al. (1996)
Sedge site (L-21)
Forested swamp
Roden & Wetzel (1996)
Forested swamp
This study
Juncus effusus L.
Salt marsh
Newell et al. (1996)
Spartina alterniflora Loisel
Short form
Tall form

dMedian CO2 release in g CO2-C m-' d-'
'CO2 flux based on average respiration rate of 75 pg CO2-C g-' dry wt h-' from standing litter (see Newell et al. 1985),and detrital
mass of 930 and 345 g m-2 for standing dead litter of tall and short form S. alterniflora, respectively (see Gallagher et al. 1980)

chamber incubations, then such die1 studies would
provide a more accurate assessment of CO2 emissions
from wetlands dominated by emergent macrophytes.
Rates of CO, evolution from microbial assemblages
inhabiting standing litter of Juncus effusus were
within the range of CO, flux rates reported from other
wetland habitats, and are equal to or exceed those COz
flux rates reported for sedirnents from this same wetland system (see Roden & Wetzel 1996) (Table 5).
These findings suggest that microbial assemblages
inhabiting standing litter can make a significant contribution to total ecosystem metabolism. Furthermore,
our findings support Newel1 et al. (1985) who reported
the potential for high CO2 flux from standing litter
in salt marsh systems. The increasing evidence that
standing dead litter of emergent macrophytes supports
a.n active microbiota (Newell 1993, 1996) and serves as
major conduits for plant gas exchange (e.g. Brix 1990,
Brix et al. 1996, Whiting & Chanton 1996) suggests that
standing litter m.ay play a greater role in CO2emissions
from wetlands than previously considered. Further-

more, high rates of CO, evolution from standing litter
in wetland habitats may have potential ramifications
for CO2 flux measurements in terrestrial systems, particularly grasslands, which are known to have a substantial standing dead component (Seastedt 1988).
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