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Abstract. Mass and nitrogen (N) dynamics of leaf litter measured in Alaskan tussock tundra
differed greatly from measurements of these processes made in temperate ecosystems. Nearly
all litter mass and N loss occurred during the winter when soils were mostly frozen. Litter
lost mass during the first summer, but during the subsequent two summers when biological
activity was presumably higher than it is during winter, litter mass remained constant and litter
immobilized N. By contrast, litter lost significant mass and N over both winters of measurement.
Mass loss and N dynamics were unaffected by microsite variation in soil temperature and
moisture. Whether wintertime mass and N loss resulted from biological activity during winter
or from physical processes (e.g., fragmentation or leaching) associated with freeze-thaw is
unknown, but has implications for how future climate warming will alter carbon (C) and N
cycling in tundra. We hypothesize that spring runoff over permafrost as soils melt results in
significant losses of C and N from litter, consistent with the observed influx of terrestrial
organic matter to tundra lakes and streams after snow melt and the strong N limitation of
terrestrial primary production.

Introduction

Tundra ecosystems could feed back significantly to rising concentrations of
atmospheric CO,. However, whether this feedback will be positive or nega-
tive is unclear. Increased decomposition of the large stocks of tundra soil
organic matter under a warmer climate could increase CO; inputs to the
atmosphere, causing a positive feedback to rising CO, (Post 1990). Indeed,
recent warming in the Arctic may already be causing substantial losses of
carbon from these regions (Oechel et al. 1993). Altemnatively, greater nutrient
availability associated with faster decomposition could stimulate plant
production, taking CO; out of the atmosphere and causing a negative feed-
back if production is stimulated more than respiration (Shaver et al. 1992).
Underlying both of these feedback scenarios is the assumption that warming
will significantly increase soil decomposition and nitrogen (N) mineraliza-
tion. This assumption is often incorporated into models used to estimate the
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feedback magnitude as a positively exponential temperature-response curve
for decomposition (e.g., Townsend et al. 1992; McKane et al. In preparation).

Predicting warming effects on decomposition is potentially complicated by
the demonstration in both temperate and alpine ecosystems that decomposing
litter can lose significant mass during winter (Bleak 1970; Gosz et al. 1973;
Lousier & Parkinson 1975; McBrayer & Cromack 1980; Higvar & Kjgndal
1981). This mass loss likely results primarily from biological activity beneath
the snowpack during periods of constant temperatures, including those below
0 °C (McBrayer & Cromack 1980; Coxson & Parkinson 1987). Freeze-thaw
cycles probably also promote mass loss by fragmenting litter and causing
release of soluble compounds that are either respired (Ivarson & Sowden
1970; Skogland et al. 1988) or leached during spring run-off (Gosz et al.
1973). Demonstration of significant respiration and decomposition during
winter suggests that using simple Qo relationships and growing season air
temperatures to predict warming effects on litter or soil decomposition may
be inaccurate. For example, because of the insulating effects of snow cover,
air warming may have different effects on soil temperature in winter than in
summer (Kane et al. 1992). If winter decomposition results from biological
activity, such differences must be accounted for when predicting warming
effects on decomposition. Also, what happens to climate variability or snow
depth, and thus the frequency of freeze-thaw events, may determine future
decomposition more than will mean temperature increase.

Despite the attention given to warming effects on decomposition in tundra,
no studies exist with the intra-annual resolution necessary to assess the
significance of winter-time decomposition in these ecosystems. However,
decomposition during winter and spring thaw could account for a large
proportion of total litter decomposition in tundra ecosystems. Measurements
of respiration under the snowpack in Siberia suggest that significant biolog-
ical activity occurs in tundra soils even when they are frozen (Zimov et al.
1993). Because soils are frozen for much of the year, winter-time respiration
could account for a relatively large proportion of total annual respiration, even
though respiratory rates might be slow relative to those in summer. In labora-
tory incubations of tundra soil, the majority of net N mineralization results
from conditions of soil freezing and thawing, rather than of constant soil
temperatures, consistent with the pulse of soil net N mineralization observed
in early spring in some tundra ecosystems (Kielland 1990). How respiration
responds to such freeze-thaw cycles is unknown.

In this study, we compared winter and summer mass and N dynamics
of decomposing leaf litter in Alaskan tussock tundra to determine whether
significant decomposition occurs during winter. We focused on N because
it limits primary production in this ecosystem (Shaver & Chapin 1986). In
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addition, we compared these dynamics between surface and buried litter and
among litters buried in microsites that differ in temperature and moisture.
In general, laboratory incubations have shown that decomposition and N
mineralization in tundra systems increase exponentially with temperature and
exhibit moisture optima slightly below average field conditions (Flanagan &
Veum 1974; Marion & Black 1986; Nadelhoffer et al. 1991). These studies
are consistent with a number of field and laboratory studies in temperate
ecosystems showing that rates of decomposition and litter and soil respiration
increase exponentially with increasing temperature (e.g., Wiant 1967; Reiners
1968; Kucera & Kirkham 1971; Edwards 1975). We determined whether in
situ decomposition varied with temperature and moisture as expected from
these previously observed patterns.

We compared decomposition in three common microsites associated
with the tussock-forming sedge Eriophorum vaginatum and the mosses
Hylocomium splendens and Sphagnum spp. because they exist as discrete
patches dominated by one species or genus. Eriophorum tussocks are signif-
icantly warmer than surrounding intertussock areas since their growth habit
elevates them above the permafrost and surrounding vegetation and increases
their exposure to radiation (Heal et al. 1978; Chapin et al. 1979). Because
of the sensitivity of moss growth to moisture (Busby et al. 1978; Clymo &
Hayward 1982; Murray et al. 1989), mosses require particularly wet condi-
tions that may impede decomposition due to anaerobiosis (Clymo & Hayward
1982). We thus hypothesized that decomposition would be more rapid in Erio-
phorum tussocks than in moss mats because of more favorable temperature
and moisture conditions.

Methods

We conducted the study in gently sloping upland tussock tundra near Toolik
Lake, Alaska (68°38' N, 149°34’ W, elevation 760 m). We determined the
relative abundance of Eriophorum vaginatum, Hylocomium splendens, and
Sphagnum spp. (mainly S. balticum and S. warnstorfii, L. C. Johnson personal
communication) visually. The percent cover of these species was estimated
in 400-cm? quadrats placed every meter along 10 20-m transects spaced 10 m
apart and running parallel to the slope. In 1991, we measured summer (June
26-August 12) mean soil temperature at 10 cm below the moss surface in
five replicate randomly chosen microsites downslope of the area in which we
estimated percent cover. A datalogger (Campbell CR10, Campbell Scientific,
Logan UT) recorded hourly and daily means of one-minute measurements
made with copper-constantan thermocouples. We measured soil moisture
gravimetrically at 5S—10 cm depth in five replicate cores from randomly chosen
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microsites in early August 1991 and early July 1992. We measured pH in
slurries (5:1 s0il:0.1 N NaCl) from six replicate randomly chosen cores from
each microsite collected in mid-July 1991.

Nutrient availability was assessed in all microsites using ion-exchange
resins (Giblin et al. 1994). We constructed 25-cm? resin bags by placing 7 ml
of acid-washed (10% HCI) anion or cation exchange resins (Dowex SO0W-X8
20-50 mesh H* or 1-X8 20-50 mesh CI—, respectively) into acid-washed
nylon stockings and sewing the end shut. We randomly placed six replicate
anion and cation resin bags at 5—-10 cm depth in Hylocomium and Sphagnum
moss mats and Eriophorum tussocks along a 50-m transect in mid-June 1992
(perpendicular to the slope and just downslope from where we measured
percent cover). At the end of July 1992, we replaced those resin bags with
fresh resin bags that we harvested the following spring (mid-June 1993).

After each harvest, resins were frozen until extraction. We extracted the
resins by rinsing them in a soil sieve with deionized water, placing them in a
pre-leached 30 ml syringe with Whatman #1 filter paper in the bottom, and
dripping 100 ml of 2 N NaCl (in 0.1 N HCI) over the resins (Giblin et al.
1994). We analyzed the extracts for NHJ, NOJ, and PO colorimetrically
on a Lachat QuickChem Autoanalyzer (Lachat Instruments, Milwaukee WI),
and compared ion accumulation among sites and between seasons using
repeated-measures ANOVA with season as a repeated measure.

We measured decomposition by enclosing ~5 g of weighed, air-dried
Betula papyrifera leaf litter in 100-cm? bags made of 1-mm nylon mesh. We
used litter collected near Fairbanks, Alaska rather than locally available tundra
litter because B. papyrifera litter was readily available in large quantities and
has N and carbon (C) chemical fractions similar to those of the local birch
species (B. nana; Chapin & Kedrowski 1983; Chapin & Shaver 1988; Chapin
& Kedrowski, unpublished). On 22 June 1991, we placed litter bags at 5—
10 cm below the moss surface in Hylocomium or Sphagnum moss mats, in
Eriophorum tussocks, or on the surface of Hylocomium moss mats along the
50-m transect where we deployed ion-exchange resins. Every five m along the
transect, we placed litter bags in the five nearest microsites of each type. We
harvested 10 randomly chosen litter bags from each microsite in mid-August
1991, mid-June 1992, late July 1992, mid-June 1993, and mid-August 1993
(51, 361, 404, 720, and 782 days after deployment, respectively). Spring
harvests occurred as soon as soils thawed to the depth of the litter bags.

We dried (65 °C) and weighed harvested litter to determine the percent
of the original mass remaining. We ground harvested litter using a Wiley
Mill followed by a ball mill and determined % C and % N using a Carlo-Erba
NA 1500 Nitrogen Analyzer (Carlo Erba Instruments, Milan, Italy). We deter-
mined N content by multiplying % N by total dry mass of litter from each bag.
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In addition, we determined % C and % N on a subsample of initial litter. An
additional subsample of initial litter was analyzed for % acid-insoluble mass
at the Center for Water and the Environment (Natural Resources Research
Institute, University of Minnesota, Duluth MN) according to forest-products
techniques (Ryan et al. 1989). Although the acid-insoluble fraction undoubt-
edly contains other recalcitrant C fractions besides lignin, for ease we will
refer to this fraction as lignin.

Results

Hylocomium, Sphagnum, and Eriophorum comprise 7.7 (S.E. = 1.0), 11.4
(S.E. = 1.6), and 21.9 (S.E. = 1.8) % of cover, respectively. Overall, the
microsites associated with these species were wet, acidic, cold, and low in
nutrient availability, as is typical of tussock tundra soils (Table 1; Nadel-
hoffer et al. 1992). As expected, the microsites differed in moisture and
temperature. Sphagnum mats were nearly twice as wet as Hylocomium mats
and Eriophorum tussocks (two-way ANOVA, F; 74 = 13.45, P < 0.001), but
years did not differ in moisture within microsites, nor was there a signifi-
cant year by microsite interaction. Temperature differed significantly among
microsites, with Eriophorum tussocks 4 °C warmer than the moss mats (one-
way ANOVA, F; 12, =50.69, P < 0.001). However, microsites did not differ in
pH (one-way ANOVA, F; 15 = 1.36, P = 0.29) or in nutrient accumulation on
ion-exchange resins (repeated-measures ANOVA, F, |5 = 1.36, Fp 14 = 1.67,
and Fy ;5 = 1.66, for NH4+, NO;, and PO, , respectively, P > 0.1). Signifi-
cantly more PO, accumulated on resins during winter than during summer
(F1,15 = 29.50, P < 0.001). Initial C:N, % N, and % lignin of the Betula
papyrifera litter were 60.5, 0.78, and 17.7, respectively.

Litter mass remaining was always significantly lower in the spring than
the preceding fall regardless of microsite (Figure 1, Tukey HSD, P < 0.001).
By contrast, litter lost mass during the first growing season after deployment,
but did not lose significant mass during either of the two subsequent growing
seasons in any microsite (Tukey HSD, P > 0.1). Microsites differed signifi-
cantly at all harvests except the first one (ANOVA for each date separately,
F3’36 = 2.05, F3’36 = 19.82, F3,35 = 18.78, F3’34 = 26.19, and F3,32 = 3.21 for
51, 361, 404, 720, and 782 d, respectively, P < 0.001 in all significant cases)
because mass remaining was significantly higher on the surface than below
at all dates (Tukey HSD, P < 0.001). Buried litter bags did not differ from
one another (Tukey HSD, P > 0.1) until the final harvest (782 d) when litter
bags buried in Eriophorum microsites had significantly less mass remaining
than those buried in Hylocomium microsites (Tukey HSD, P < 0.05).
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Table 1. Physical characteristics of microsites. Different letters within a row indicate
significant differences among sites (Tukey’s HSD, a = 0.05). Values are means (S.E.).

Microsite
Parameter Hylocomium  Sphagnum Eriophorum
Temperature (°C) 2.9 (0.5)° 2.7 (0.2 7.0 (0.3
Soil moisture (% dry mass)
1991 411 (40)* 719 (24 431 (34)°
1992 450 (46)° 862 (159)* 529 (57)°
Nutrient accumulation on resins
(umol ion bag™!)
NH}
Summer 5.56 (0.42) 6.98 (0.59) 6.22 (0.84)
Winter 5.53(0.32) 7.00 (1.34) 5.88 (0.44)
NO;
Summer 0.25 (0.15) 0.08 (0.01) 0.16 (0.09)
Winter 0.21 (0.05) 0.19 (0.02) 0.13 (0.01)
PO,
Summer 0.17 (0.10) 0.03 (0.01) 0.21 (0.09)
Winter 0.55 (0.10) 0.52 (0.14) 1.00 (0.39)
pH 35 (0.1 3.5 (0.1) 33 (0.1

As with mass, litter lost N during the winter. Absolute N content decreased
significantly during each winter (Figure 2, Tukey HSD, P < 0.01), increased
significantly during the first summer (Tukey HSD, P < 0.01), and did not
change during the second summer (Tukey HSD, P > 0.1). The litter N content
did not differ among microsites, including the surface (F3 ;33 = 0.09, P > 0.1).

Discussion

After the first summer, all of the mass loss occurred during winter, when soils
were mostly frozen, rather than during summer, the time of presumed greatest
biological activity. Although other studies have demonstrated significant litter
mass loss during winter (Bleak 1970; Gosz et al. 1973; Lousier & Parkinson
1975; McBrayer & Cromack 1980; Higvar & Kjgndal 1981), ours is the first
to find that, after the first summer, litter mass loss occurred entirely during
the months outside of the growing season. The most likely explanations for
our results are either that (1) significant decomposition occurs during winter
when soils are frozen, or (2) freeze-thaw cycles cause most of the mass loss
from litter in tundra, resulting in leaching and/or particulate loss of organic
matter during snow melt and spring runoff over the permafrost. The lower
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Figure 1. Mass of Betula papyrifera leaf litter buried in 3 different microsites (Hylocomium
or Sphagnum moss mats or Eriophorum tussocks) or placed on the moss surface. Values are
means, bars are standard errors.

mass loss of the surface litter over winter may have resulted from its being
subject to less water flow during runoff than the buried litter. Whether organic
matter was lost from litter bags in particulate or dissolved form has important
implications. Particulate organic matter would likely decompose further in
situ, whereas dissolved organic matter would be more readily transported to
aquatic systems.

Differences in moisture and temperature did not translate into strong differ-
ences in decomposition among microsites. Although we did not measure
surface temperatures, they are generally warmer than soil temperatures during
the growing season in permafrost tundra (Hinzman et al. 1991). Thus, the
two warmest microsites had the lowest (surface) and highest (Eriophorum)
decomposition rates. By contrast, in northern England Heal et al. (1978)
observed more rapid rates of decomposition in Sphagnum mats than in
Eriophorum tussocks, which they attributed to moisture limitation of decom-
position in tussocks, which were slightly drier than the tussocks in our study.
The overall differences that we observed among buried microsites were
surprisingly small since Flanagan & Veum (1974) found that in situ respiration
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Figure 2. N content of Betula papyrifera leaf litter buried in 3 different microsites (Hylocomium
or Sphagnum moss mats or Eriophorum tussocks) or placed on the moss surface. Values are
means, bars are standard errors.

of Betula papyrifera litter responded exponentially to increased temperature
within the range we measured in the microsites and was optimal at 300%
moisture, sharply declining at higher moisture contents. However, others
have found soil respiration to be fairly insensitive to changes in temperature
between 3 and 10 °C, within the range found among the microsites studied
here (Nadelhoffer et al. 1991; but see Hobbie, in press).

The litter N dynamics that we observed differ strikingly from those
observed in temperate systems. Many litter types incubated in different
temperate ecosystems all showed that after a short (1-2 month) initial period
of leaching, litter immobilized N for 1-2 years, then began a period of net N
release (e.g., Gosz et al. 1973; Staaf & Berg 1981; Melillo et al. 1982; Pastor
et al. 1987; Melillo et al. 1989). By contrast, in our study, litter N content
never rose above 100% of the initial N content, but instead declined during
each winter, and increased during the first summer. The absolute increase
in litter N that we observed during summer suggests that microbial activity
and N immobilization was associated with the litter despite the lack of mass
loss. This is reasonable, because, assuming a 40% microbial efficiency and a
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microbial C:N ratio of 15 (Paul & Clark 1989), the observed N immobiliza-
tion requires only 1.3% of the initial mass to be lost. We hypothesize that N
immobilization occurs slowly during summer because of low soil tempera-
tures. As with mass loss, net N release occurs each spring when thawing of
frozen and lysed microbial cells allows leaching of N during runoff, a time
of presumably low microbial activity and N assimilation. Others have found
an increase in water-soluble sugars and amino acids following freezing and
thawing of soils (Ivarson & Sowden 1970).

We found that the seasonal N dynamics of tundra litter resemble those
of tundra soil (Chapin et al. 1988; Kielland 1990), being characterized by
freeze-thaw release and summer immobilization of N. If the N released from
litter during spring thaw is mineralized or taken up by plants in organic form
(Read 1991; Chapin et al. 1993), then our results imply that N availability to
plants is greatest at snow melt, when soil temperature is lowest. Thus, tight
cycling of N in tundra ecosystems requires active root growth (Shaver &
Billings 1975) and nutrient uptake (Chapin & Bloom 1976) by tundra plants
at low temperatures before appreciable aboveground growth occurs.

Alternatively, if N is released from litter during spring thaw but is unavail-
able to plants or soil microbes because of low soil temperatures, it may be
transported from terrestrial to aquatic ecosystems. This interpretation is con-
sistent with the observation that tundra lakes and streams receive most inputs
of terrestrial dissolved organic C and N during and immediately following
snow melt (Whalen & Cormwell 1985; Peterson et al. 1992). Furthermore, the
dissolved organic matter entering Toolik Lake early during spring runoff has a
labile component that strongly increases lake bacterial respiration and produc-
tion (Kling 1995). Such losses of N from the terrestrial to the aquatic system
may contribute to the strong N limitation of terrestrial primary production
observed in tussock tundra.

Whether the wintertime mass and N loss that we observed resulted from
physical or biological processes has implications for how tundra C and N
cycling will respond to future warming and should be the focus of further
research. Winter mass loss resulting from respiration could increase signif-
icantly with climate warming. Arctic regions are expected to warm more
in winter than in summer (Maxwell 1992). Furthermore, soils may warm
more relative to surface temperatures in winter than in summer (Kane et al.
1992). However, if winter mass loss is not respiratory, but results from partic-
ulate or dissolved organic losses associated with spring thaw, predicting the
response of mass loss to warming becomes more complicated. Particulate
organic matter will likely decompose in situ, where its decomposition rate
may be sensitive to soil warming. However, dissolved organic matter may
only be mineralized after it is transported to aquatic ecosystems. Therefore,
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knowledge of how climate change will alter spring run-off and whether C lost
from litter is ultimately mineralized in terrestrial or aquatic ecosystems may
be necessary for predictions to be accurate.

Our results also have important implications for future changes in tundra
N availability resulting from global warming. Assuming that subfreezing
winter temperatures and warmer summer temperatures will characterize the
future tundra climate (Maxwell 1992), N availability may actually decline
with global warming, if warmer summer temperatures increase summer N
immobilization that is subsequently leached and potentially lost during spring
thaw and runoff. Future research should focus on increasing the intra- and
inter-seasonal resolution of measurements of litter and soil C and N dynamics.
Furthermore, we need to determine whether winter C and N losses result
primarily from biological or physical processes as well as the fate of C and N
released from litter (e.g., mineralization or transport from terrestrial to aquatic
ecosystems as dissolved or particulate organic matter).
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