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Decomposition of plant litter in aquatic systems involves leaching and the action of microorganisms and macroinvertebrates (8, 10). Microorganisms mineralize low-molecular-weight
components of the litter and produce extracellular enzymes, which degrade macromolecules
into smaller units that leach or are mineralized.
In addition, colonizing microorganisms increase
the nutritional value of the litter and thereby
condition it for invertebrate feeding (8).
Toolik Lake is large deep-water lake located
approximately 190 km north of the Arctic Circle
and 217 km south of Prudhoe Bay, Alaska, in
the Trans-Alaska Pipeline Corridor (680 38' N;
1490 38' W). It is oligotrophic, becomes stratified
during the summer, and is relatively unimpacted
by humans. The shoreline and shallows are dominated by sedges of the genus Carex. Great potential exists of Carex litter entering the carbon
cycle of the lake via terrestrial wash-in and a
seasonal dying of emergent plants in the littoral
zone.
Various microbial activities have been used to
examine the microbial colonization of leaf litter
in aquatic systems as a function of time of incubation (1, 9, 16). During the summer of 1978,
the weight loss of Carex litter at various sites
and depths within Toolik Lake was examined as
a function of its colonization by microorganisms,
measured by microbial activities. Colonization
was determined by measuring heterotrophic CO2
fixation, "4C-labeled acetate incorporation into

lipid, alkaline phosphatase activity, and cellulase
activity associated with the decomposing litter.
After 13 and 26 days of incubation, the degree of
weight loss positively correlated with microbial
activities and was inversely related to depth of
incubation.
MATERIALS AND METHODS
Preparation of litters. Fresh green Carex leaves
were collected from the margins of Toolik Lake, cut
into 5-cm segments, and oven-dried at 65°C. Approximately 300 mg of this dried litter was sewn into 8-by15-cm bags constructed of fiber glass window screening
(1.5-mm mesh). Duplicate bags for both weight loss
determination and activity measurements were placed
on the sediment surface at four sites within the lake
and at three depths in the water column (Fig. 1 and
Table 1). Bags were sampled from the sediment surface sites after 13 and 26 days of incubation and from
the water column only after 26 days. Abiotic controls
consisted of litter-filled screen bags sealed in Whirlpaks (Nasco), which contained 0.1% Merthiolate
[ethyl(2-mercaptobenzoato-S)mercury sodium salt],
and were incubated in the lake. Upon harvesting, the
bags were gently washed in lake water and brushed to
remove any surface materials, which were generally
inconsequential. Weight loss was determined gravimetrically after bags were oven-dried to constant
weight. Upon sampling, leaf segments for activity
measurements were cut into 1.25- and 2.50-cm segments and stored in filter-sterilized lake water (0.45
,um; Millipore) until used, which was never more than
6 h.
Alkaline phosphatase activity. Five leaf seg888
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The decomposition and microbial colonization of Carex leaf litter were examined in an arctic lake in Alaska during the summer of 1978. Dried leaf segments
in screen bags were placed at various locations and depths for 13 and 26 days.
Weight loss varied from 24.15 to 33.56% and from 27.69 to 65.01% after 13 and 26
days, respectively. Abiotic controls lost approximately 19.5% with no subsequent
change. Weight loss significantly correlated with microbial colonization as measured by alkaline phosphatase activity (r = 0.780), cellulase activity (r = 0.613),
heterotrophic CO2 fixation (r = 0.835), and acetate incorporation into microbial
lipids (r = 0.618). Alkaline phosphatase activity correlated with cellulase activity
(r = 0.889), and heterotrophic CO2 fixation correlated with acetate incorporation
into lipids (r = 0.712). Weight loss after 26 days inversely correlated with the
logarithm of the depth of incubation regardless of whether incubation occurred
on the sediment surface or in the water column. These findings suggest that a
rapid initial period of microbial colonization is driven by nutrients derived from
the litter and that the rate of these processes is controlled by a factor(s) inversely
related to the logarithm of depth, such as light intensity, primary production, or
turbulence.
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FIG. 1. A map of Toolik Lake, Alaska, showing the incubation sites used in this study.
ments were placed in 2 ml of 5 mM p-nitrophenyl
phosphate (disodium salt) (Sigma) in 25 mM NaHCO3
buffer (pH 9) for 20 min at 20 ± 20C (1, 9). The
reaction was stopped by removal of the segments and
addition of 2 ml of 50 mM NaHCO3 buffer (pH 9.0).
The samples were immediately read at 410 nm with a
Spectronic 20 spectrophotometer (Bausch and Lomb).
Activity was expressed as the rate of release (in micromoles) of p-nitrophenol from the phosphate ester per
hour per 5-cm segment.

Celiulase activity. Cellulase activity was determined by measuring reducing units released from carboxymethylcellulose as described by Petterson and
Porath (11). Five leaf segments were placed in 2 ml of
1% carboxymethylcellulose (sodium salt) (Matheson)
in acetate buffer (pH 5.0) for 20 to 25 h at 15 + 1C.
Dinitrosalicylic acid reagent (3 ml) was added to each
sample, which was then placed in a boiling-water bath
for 15 min. Color was read at 640 nm with a Spectronic
20. Activity was expressed as the rate of production of
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reducing units per hour per 5-cm segment.
Dark heterotrophic CO2 uptake. Five 2.5-cm
segments were placed in 10 ml of filter-sterilized lake
water contained in 30-ml glass-stoppered wide-mouth
bottles, totally covered with black electrical tape with
the stoppers covered with aluminum foil, and allowed
to preincubate for 2 h. '4C-labeled sodium bicarbonate
(4 ,uCi) was then added to each bottle and incubated
for 4 to 5 h at 15 ± 20C. The segments were removed,
rinsed with filter-sterilized lake water, dried, and
counted with a scintillation counter (Packard TriCarb) in a cocktail consisting of 0.4% PPO (2,5-diphenyloxazole) and 0.01% POPOP [1,4-bis-(5-phenyloxazolyl) benzene] in toluene. C02 fixation was calculated
as described by Vollenweider (15) and was expressed
as micrograms of carbon fixed per hour per 5-cm
segment. Available CO2 in the incubation medium was
calculated from pH, temperature, and total alkalinity
(12). Lugol's iodine-treated controls were used to correct for non-biological uptake of the isotope
'4C-labeled acetate incorporation into lipids.
Ten 2.5-cm segments were placed in 10 ml of filtersterilized lake water with 5.26 pRCi of sodium [1_-4C]acetate (7.34 ,g) contained in 150-ml capped Fleakers
(Corning) for approximately 4 h at 15 ± 20C. Lipids
were extracted from the litter as described by Morrison et al. (9), and radioactivity was determined in the
lipid fraction. Incorporation was expressed as the rate
of [14C]acetate (micrograms) appearing in the lipid
fraction per hour per segment. Lugol's iodine-treated
controls were used to correct for non-biological uptake
of the isotope.

RESULTS
Large diversity existed in the degree of weight
loss observed at the various incubation sites
after 13 and 26 days (Table 2). No invertebrates
were found associated with the litter bags, indicating that this loss was physical or microbiological in origin. The abiotic controls lost 20% of
their weight after 13 days with no further appreciable loss after 26 days. Microbial activity associated with the litter increased with time at
each site. In addition, microbial activity at the
times examined correlated with the degree of
decomposition. Microbial activities were expressed on a per-segment rather than per-weight

TABLE 2. Percent weight loss of dried Carex
segments incubated at various sites and depths in
Toolik Lake, Alaskaa
% Wt loss (R + SDb)
Site

Inlet
Outlet
Nearshore
Littoral
Depth series

13 days
28.50 ± 1.23
24.15 ± 0.57
32.02 ± 2.64
33.56 ± 11.26

26 days
45.65 ± 0.92
27.69 ± 4.51
41.82 ± 1.00
65.01 ± 9.08

55.24 ± 0.93
47.51 ± 2.67
36.97 ± 1.20
Abiotic controld
19.58 ± 0.19
19.45 ± 0.94
' The experiment was started on 1 July 1978.
bSD, Standard deviation.
, Not done.
d
0.1% Merthiolate.
0.7 m
4.0 m
8.0 m

-_

c

basis to eliminate bias caused by differential
weight loss of the samples.
Alkaline phosphatase activity (Fig. 2A) varied
at day 13 from 0.220 to 0.48 Amol of p-nitrophenol released per h per segment. The lowest activity was observed at the outlet, which showed
the least decomposition (24%); the highest activity was at the nearshore site. At 26 days, activity
varied between 0.35 and 0.73 ,umol ofp-nitrophenol released per h per segment, with the least
decomposed sample (outlet) once again exhibiting the lowest activity. The two most decomposed samples exhibited activities that were relatively high but below the maximum observed.
Alkaline phosphatase activity was significantly
correlated with percent weight loss (P c 0.005)
(Fig. 2A), but the lower activities observed with
the greatest weight losses tend to indicate a
leveling and decrease in activity relative to percent weight loss.
Cellulase activity correlated with alkaline
phosphatase activity (P c 0.001) (Table 3) and,
to a lesser degree, with the degree of weight loss
(P c 0.05) (Fig. 2B). It ranged from 0.206 to
0.236 reducing units released per h per segment
at day 13 and from 0.236 to 0.290 reducing units
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TABLE 1. Incubation sites in Toolik Lake, Alaska
Temp range' Sediment (
Site
Depth (m)
Locationb
(C)Q
organic)
1.6-2.0
7.7-14.3
Inlet
22
Near mouth of inlet stream
Outlet
5.5-6.0
7.1-9.8
20
Near mouth of outlet stream
2.5-2.8
Nearshore
7.5-14.2
22
Distant from inlet and outlet streams, 5 m
from shore
0.06-0.12
Littoral
7.8-15.3
68
In Carex bed
0.7
Water column
7.8-15.3
Near center of lake
4.0
7.2-14.0
8.0
6.8-7.9
aDuring study period, 1 to 26 July 1978 (M. C. Miller, personal communication).
b See Fig. 1.
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Carex litter as a function of weight loss after incubation for 13 and 26 days

FIG. 2. Microbial activities on
Toolik Lake. (A) Alkaline phosphatase activity; (B) cellulase activity.

TABLE 3. Correlation matrix of microbial activities
on Carex litter in Toolik Lake after 13 and 26 days

0.050 and 0.068 and between 0.046 and 0.091 ,ug/
h per segment on day 13 and 26, respectively
(Fig. 3B), with the outlet exhibiting the lowest
Alkaline
HeterophosCellulase
trophic
on both dates. As with alkaline phos.
activity
Activity
Activiy
phatase activity C02 fiX- Acorpoe
ration
phatase
activity,
the most degraded samples exation
activity
hibited lower activities than the maximum, once
0.889
0.602
0.573
Alkaline
again indicating a possible leveling pattern and
(P c 0.001) (NS)a
phosphatase
(NS)
decrease
relative to weight loss.
activity
Weight loss showed a decreasing pattern with
0.561
0.371
Cellulase
activity
(NS)
(NS)
depth of incubation in the samples incubated in
0.712
Heterotrophic
the
water column (Fig. 4). This pattern was
(P < 0.01)
CO2 fixation
found, likewise, for samples incubated on the
a NS, Not significant.
sediment surface. On day 26, the degree of
weight loss was significantly (P c 0.01) related
released per h per segment at day 26 (Fig. 2B). to the logarithm of the depth of incubation
Once again, samples from the outlet site showed regardless of whether incubation occurred on
the sediment surface or in the water column.
the lowest activities on both dates.
Although not significantly correlated with
DISCUSSION
either ceflulase activity or alkaline phosphatase
activity, heterotrophic CO2 fixation and acetate
Considering the temperature, nutrient availaincorporation were significantly correlated with bility, and productivity of Toolik Lake, a sureach other (P c 0.01) (Table 3) and with percent prisingly large amount of decomposition ocweight loss (P c 0.05 and P c 0.001, respec- curred in a relatively short time. The degree of
tively). Heterotrophic C02 uptake varied from weight loss in this study was higher than ob0.0237 to 0.0422 and 0.0348 to 0.0708 ytg of C per served in other studies (2), which may be ach per segment on days 13 and 26, respectively counted for by the use of fresh green litter and
(Fig. 3A). On day 26, the highest activity was use of relatively small amounts of litter in each
associated with the most degraded leaf material. bag. In most studies, larger amounts of litter
Acetate incorporation into lipids ranged between were placed in each bag, which may have re-
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FIG. 3. Microbial activities on Carex litter as a function of weight loss after incubation for 13 and 26 days
in Toolik Lake. (A) Heterotrophic CO2 fixation. (B) Acetate incorporation into microbial lipids.
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FIG. 4. The relationship of weight loss by Carex
litter in Toolik Lake as a function of depth of incubation.

sulted in localized nutrient limitation and anaerobic conditions within the bag, accounting for
slower rates of decomposition (3, 8).
The large difference in percent weight loss
between the samples incubated in the lake and
the killed controls, as well as an absence of
macroinvertebrates, implicates microorganisms
as being largely responsible for the degradation
of Carex litter in Toolik Lake. It should be

recognized that the killed controls in this study
may have been underestimates due to protection
of the litter from wind and wave action and the
presence of diffusion gradients in the smaller
volume. Nevertheless, the positive correlations
between weight loss and the various microbial
activities suggest a functional relationship between decomposition and microbial colonization.
Morrison et al. (9) found that microbial activities associated with plant litter placed in a semitropical estuary followed three different patterns with time: (i) continual increase; (ii) increase to a maximum followed by a rapid decline;
and (iii) increase to a plateau, which was maintained. They also found, along with other workers, that acetate incorporation and alkaline

phosphatase activities correlate with various
other estimates of microbial activity and biomass (7, 9, 14, 16).
The results of this study suggest that the
initial rise in activities observed by Morrison et
al. (9) may be driven by components of the litter
that are easily degraded and utilized by the
microorganisms, and that any leveling or decrease of activities may result from the depletion
of these easily degraded components, leaving
only those more refractory. This contention is
further supported by the finding that microbial
activities and biomass were much higher on pine
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Carex decomposition in Toolik Lake. Nevertheless, without further testing, the possible effects
of turbulence, light, and primary production cannot be disregarded.
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needles than on less degradable, polyvinyl chloride Christmas tree needles incubated in a semitropical estuary (1). It is noteworthy that the
alkaline phosphatase activity associated with
the pine litter was an order of magnitude greater
than that observed with Carex litter in this
study on a per-weight basis.
The finding that the enzyme activities were
not correlated with acetate incorporation into
lipids and dark CO2 fixation, which were correlated to each other, suggests that these two types
of measurements examine different aspects of
the microbial community which, although related to decomposition, are mutually exclusive
of each other. Further studies may reveal information to interpret these various indices with
regard to successional changes in the microbial
community.
The relationship between percent weight loss
and depth indicates that a factor(s) associated
with depth plays a role in controlling the rate of
decomposition of Carex in Toolik Lake. Temperature has previously been shown to have an
effect on the decomposition of plant material in
freshwater systems. Suberkropp et al. (13) found
that short-term weight loss of hickory and oak
leaves correlated with mean temperature in Augusta Creek, Mich. Iversen (6) reported a similar
relationship for beech leaves in three small Danish streams. Brinson (2) found a correlation between soil-water temperature and the disappearance of pure cellulose sheeting in a North
Carolina swamp. In Toolik Lake, maximum temperature declines with depth, as do light intensity and primary production (M. C. Miller, personal communication). The lowest weight loss,
and often the lowest microbial activities, occurred at the outlet site. This site was the second
deepest, but showed considerably less weight
loss than the deepest. Apparently, another factor
not associated with depth was operational at
this site. Water flowing in the outlet stream itself
had somewhat lower mean levels of nitrate (0.23
,ug-atom/liter) than in the inlet stream (1.08 Agatom/liter) and the lake proper (2.40 ,Lg-atom/
liter). The mean ammonia level in the outlet
(0.68 ,ug-atom/liter) was lower than that of the
inlet (0.95 ,ug-atom/liter) and lake (0.93 ,tgatom/liter) (Vera Alexander, personal communication). In laboratory microcosm studies, enrichment with nitrate or ammonia has resulted
in increased rates of leaf decay (5, 8). Degradation of pure-cellulose cotton duck in streams has
also been correlated with nitrate levels (4). Temperature and inorganic nutrient levels, therefore,
probably are of prime importance in controlling
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