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ABSTRACT
Recent attention has focused on organic matter storage in forested

ecosystems because climate change could potentially alter this process.
Labile organic matter pools are especially important  because they may
be most strongly influenced by changes in soil temperature and water
availability.  We measured rates at which C and N were released from
labile organic matter within the forest floor and mineral soil of jack
pine (Pinus banksiana Lambert), red pine (P. resinosa Alton), balsam
fir  [Abies balsamea (L.) Miller],  sugar maple (Acer saccharum Mar-
shall), and quaking aspen (Populus tremuloides Michaux) forests. For-
est floor and mineral soil samples were assayed for microbial respiration
and N mineralization using a long-term (32 wk at 35 °C) laboratory
incubation. Cumulative amounts of respired C and mineralized N
were fit to  first-order  rate equations; pools and rate constants were
compared among forests. Labile (respired) C pools in forest floor
ranged from 67 (jack pine) to 92 g C m~2 (sugar maple), four to six
times less than that measured in mineral soil. Rate constants for mi-
crobial respiration were statistically different among forest types, but
means ranged narrowly in forest floor (0.269-0.299 wk ') and mineral
soil (0.303-0.350 wk-1). Labile (mineralized) N pools ranged from 2.2
(red pine) to 4.1 g N m~2 (sugar maple) in forest floor, an order of
magnitude less than those in mineral soil. Rate constants for N min-
eralization varied from 0.326 to 0.556 wk~' in forest floor and from
0.043 to 0.069 wk ' in mineral soil. Regional climatic variables were
weakly correlated with labile C and N pools and with rate constants.
Annual in situ estimates of microbial respiration and N mineralization
were far less than respired C and mineralized N pools, suggesting that
only a fraction of labile soil organic matter is annually metabolized
within  these forests. Local climate, rather than the chemistry of labile
organic matter, appears to be an important  factor constraining the
annual in situ flux of C and N from this pool.

FOREST FLOOR and mineral soil represent significant
pools of C and N within temperate forests, con-

taining =60% of the C (Cole and Rapp, 1981; Bird-
sey, 1990; Grigal and Ohmann, 1992) and 95% of the
N capital (Cole and Rapp, 1981). Although a rela-
tively large proportion of the C and N within temper-
ate forests occurs in forest floor and surface mineral
soil, only a small fraction of these pools are annually
metabolized by soil microorganisms. For example,
Raich and Nadelhoffer (1989) summarized soil res-
piration from a wide range of ecosystems and found
fluxes from 250 to 1200 g C m~2 yr-1 in temperate
forests; others have reported a similar range (Raich
and Schlesinger, 1992). These estimates, which in-
clude both root and microbial respiration, represent
= 2 to 15% of the total C within the forest floor and
surface mineral soil (-7000 g C m-2). Billings et al.
(1977) suggested that only 10% of the net flux of CO2
from tundra soils was from microbial respiration; the
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largest contribution arose from the respiration of vas-
cular plant roots and rhizomes. In temperate forests,
recent estimates suggest that microbial respiration may
contribute to a much larger share (~30-70%) of soil
respiration (Schlesinger, 1977; Ewel et al., 1987; Raich
and Nadelhoffer, 1989; Raich and Schlesinger, 1992).
Based on these estimates, =75 to 890 g C m~2 yr"1

could be released via microbial respiration, further
suggesting that microbial metabolism annually con-
sumes a relatively small proportion of soil C.

The majority of soil N occurs in fractions that are
long lived and resistant to microbial degradation (Smith
and Paul, 1990). Ammonium-N is released from these
relatively large pools through N mineralization. This
process contributes a large proportion of N that is
annually assimilated by the forest overstory, and rates
can range from 2 to 12 g N m~2 yr~J among northern
temperate forests (Nadelhoffer et al., 1983; Pastor et
al., 1984; Plymale et al., 1987; Zak and Pregitzer,
1990; Zak et al., 1991; .Zak and Grigal, 1991). Al-
though net N mineralization is of fundamental impor-
tance in regulating the productivity of forested
ecosystems (Keeney, 1980; Pastor et al., 1984; Zak
et al., 1989) soil microbes liberate only =10% of all
organically held N on an annual basis (calculated from
Nadelhoffer et al., 1983; Pastor et al., 1984; Zak and
Pregitzer, 1990; Zak et al., 1991; Zak and Grigal,
1991).

The storage and flux of C and N in forest floor and
mineral soil has received considerable attention due to
their link to ecosystem productivity, and recently be-
cause climate change has the potential to alter the
cycling and retention of these elements within terres-
trial ecosystems. Labile pools of organic matter within
the soil are particularly important because they control
ecosystem productivity in the short term, and could
be the pools most affected by altered soil temperature
and moisture regimes resulting from climate change.
The objectives of our study were to: (i) determine the
influence of regional climate and forest composition
on the kinetics (i.e., substrate pools and rate con-
stants) of microbial respiration and N mineralization
in Great Lakes forests, and (ii) compare laboratory-
determined pools of labile C and N with published in
situ estimates of annual microbial respiration and net
N mineralization. We quantified and compared pools
and rate constants for microbial respiration and N min-
eralization in the forest floor and mineral soil of five
forest types that commonly occur throughout the up-
per Great Lakes region.

MATERIALS  AND METHODS
Study Sites and Sample Collection

The forested stands we studied were dominated by jack pine
(« = 38), red pine (n = 22), balsam fir  (n = 22), sugar

Abbreviations: MAP, mean annual precipitation; MAT, mean
annual temperature; AET, actual evapotranspiration; MSE, mean
square error.
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Table 1. Overstory and edaphic properties of five forest types
in the Upper Great Lakes region. The number of stands
sampled is within  the parentheses following each forest type.

Fig. 1. Locations of 154 forested stands in the Upper Great
Lakes region. Stands were dominated in the overstory by
jack pine, red pine, balsam fir, sugar maple, and quaking
aspen.

maple (n = 36), and quaking aspen (n = 36). Most red pine
stands were plantations, whereas stands in the other forest types
established naturally. Land use prior to plantation establish-
ment is unknown. Stands representative of each forest type
were replicated along a climatic and atmospheric deposition
gradient extending southeast from Minnesota to Michigan's
Lower Peninsula (Fig. 1). These stands represent a subset of
those studied by Ohmann et al. (1989). Mean annual temper-
ature, mean annual precipitation, and actual evapotranspiration
were calculated from measurements obtained at the nearest
weather station (Grigal and Ohmann, 1992); the mean distance
from a weather station to a stand was 23 km. We used data
for the period 1964 through 1985 to characterize the climate
of each stand and to calculate a hydrologic balance (see Grigal
and Ohmann, 1992). Mean annual temperature ranged from
3.7 °C in northwestern Minnesota to 5.8 °C in Michigan; mean
annual precipitation varied from 647 to 844 mm (Grigal and
Ohmann, 1992). Actual evapotranspiration increased from 513
mm in northern Minnesota to 548 mm in Michigan. Nitrogen
deposition was 0.9 g N m~2 yr-1 in northwestern Minnesota
and increased to 1.2 g N m~2 yr~' in southeastern Lower
Michigan. Overstory properties and soil texture have been
summarized in Table 1. Further detail regarding bedrock ge-
ology, glacial geology, and soil taxonomy can be found in
Ohmann et al. (1989).

Forest floor and mineral soil samples were collected from
June through September 1985. Within each stand, five trees
were randomly selected as points to initiate forest floor and
soil sampling (Ohmann et al., 1989). Three forest floor sam-
ples (including Oi, Oe, and Oa horizons) were collected at a
distance of 1.5 m and at azimuths of 45, 115, and 225° from
each tree. Forest floor samples were collected within a circular
113-cm2 sampling frame, and were thoroughly mixed within
a polyethylene bag; coarse organic matter (i.e., small branches)
was excluded from the sample. Following the removal of forest
floor material, a bucket auger was used to collect the upper
25 cm of the mineral soil. Soil samples were thoroughly mixed
within a polyethylene bag, and coarse fragments > 20 mm were
discarded. Mineral soil samples were sieved when moist (3
mm), and coarse fragments and roots were removed. A more
detailed description of forest floor and mineral soil sampling
can be found in Grigal and Ohmann (1992). The 15 forest
floor and 15 mineral soil samples collected in each stand were
composited and stored at 0 °C prior to analysis.

Forest type

Jack pine (38)
Red pine (22)
Balsam fir (22)
Sugar maple (36)
Quaking aspen (36)

Stand
age

yr
52(8.4)t
35(7.8)
61(6.0)
66(6.0)
49(5.8)

Overstoiy
biomass
tha-'
79(24.4)
88(22.2)
97(19.3)

144(26.6)
106(26.8)

Mean
annual

increment

t ha-1 yr-1

1.5(0.5)
2.6(0.7)
1.6(0.4)
2.2(0.4)
2.1(0.5)

Soil
(silt + clay)

%
12.2(7.9)
18.0(14.8)
46.0(18.2)
42.6(18.4)
44.0(20.3)

t Values are means with standard deviations in parentheses.

Microbial  Respiration and Nitrogen Mineralization

We used a modified-microlysimeter technique to simulta-
neously determine the kinetics of microbial respiration and N
mineralization (Nadelhoffer, 1990). Two replicate 30-g sub-
samples of forest floor or mineral soil were incubated in Falcon
filtration units (Model 7102, Becton Dickinson Labware, Lin-
coln Park, NJ) that were modified by sealing each port with a
rubber septum and replacing the original nitrocellulose filter
with a glass-fiber filter (Whatman GF-A). The microlysimeters
were made air tight by sealing the lid and seams with silicone
rubber. After the silicone rubber had cured, 5 mL of air were
injected, and pressure was measured using a transducer (Parkin
et al., 1984) to ensure that each had an air-tight seal. The septa
were removed, and each subsample was extracted with 100
mL of 0.01 M CaCl2 to determine initial NH+4-N and NOy-
N concentrations. Following the extraction, 25 mL of minus-
N nutrient solution (Stanford and Smith, 1972) were added to
each microlysimeter, and the samples were brought to field
capacity ( — 0.03 MPa) using a hand-operated vacuum pump;
the excess minus-N nutrient solution was discarded. The air-
tight seal of each microlysimeter was again tested by injecting
5 mL of air and monitoring pressure within the microlysimeter
using a pressure transducer (Parkin et al., 1984). The micro-
lysimeters were flushed with five headspace volumes of CO2-
free air and were kept air tight for the incubation period.

The microlysimeters were incubated in the dark at 35 °C for
32 wk. Samples (0.4 mL) of headspace gas from each micro-
lysimeter were withdrawn at Weeks 1 and 2, and at 2-wk
intervals thereafter. Gas samples were analyzed for CO2 using
a Tracor 540 gas chromatograph (Tracor Instruments, Austin,
TX) equipped with Porapak Q (Millipore Corp., Milford, MA)
and molecular sieve columns in series with a thermal conduc-
tivity detector. The columns were maintained at 55 °C during
analysis, and He (25 mL min~') was used as a carrier gas.
Inorganic N was determined at 1, 2, 4, 8, 16, and 32 wk by
extracting the contents of each microlysimeter as described
above. Ammonium-N and NO^-N were determined colori-
metrically using an Alpkem RFA 300 (Alpkem Corp., Wil-
sonville, OR). Following extraction, each microlysimeter was
flushed with five headspace volumes of CO2-free air to re-
plenish any O2 that had been consumed during microbial res-
piration.

Statistical Analysis

Product accumulation curves for microbial respiration and
N mineralization were plotted for each microlysimeter, and
data were fit to a first-order rate equation using nonlinear
regression. In all cases, visual inspection indicated that the
data fit a first-order model. Regression coefficients for the
model [y = a(l — e-"*), where t is time in weeks] provided
estimates of the C or N pool (a) that can be respired or min-
eralized, respectively, and the rate constant (k) for each process.
We assumed respired C and mineralized N (a from the equa-
tion) represented labile C and N pools within the soil, and we
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use both sets of terms synonymously. These quantities (i.e.,
micrograms C or N per gram) were expressed on an areal basis
(grams C or N per square meter) using the mass of forest floor
contained within the 113-cm2 sampling frame or the mineral
soil bulk densities (David et al., 1988). These data had been
corrected for coarse fragment content. Pools and rate constants
for the two replicate subsamples of forest floor and mineral
soil material from each stand were averaged, and all subse-
quent statistical analyses were conducted using stand means.

To compensate for differences in temperature when com-
paring our rate constants with those in the literature, we used
the following equation: k2 = {log<2,0 + [10/T2 + 35)] log
fc,}/[10/r2 - 35)], where, k2 is the rate constant determined
at temperature T2, kt is the rate constant at 35 °C, and Q10 —
(ki/k2)

m(Ti - T^; where Tl is the temperature at which the rate
constant k, was determined, and T2 is the temperature for which
an adjusted rate constant, k2, is desired. A Qw of 2 was used
for microbial respiration and N mineralization (Stanford et al.,
1973).

The influence of forest type on organic matter pools and rate
constants for microbial respiration and N mineralization was
determined with a one-way analysis of variance for an unbal-
anced design (SAS Institute, 1988). Forest floor and mineral
soil were analyzed separately, with forest type considered a
fixed effect in the ANOVA models. Differences among least
square means were tested using a Bayes least significant dif-
ference (Smith, 1978). In addition, linear regression analyses
were used to explore the relationships between kinetic param-
eters and MAP, MAT, AET, soil texture, organic C, and total
N. Significance for all statistical analyses was accepted at a
= 0.05.

RESULTS
Forest Floor

Forest floor organic C ranged from 1580 g C m~2 in
the red pine forest to 2525 g C m~2 in the balsam fir
forest, and was significantly greater in the balsam fir
forest than in the other forest types (Table 2). Microbial
respiration and N mineralization conformed well to first-
order kinetics. The nonlinear regression analyses were
all highly significant, with coefficients of determination
ranging from 0.97 to 1.00. Respired C was not signifi-
cantly different among the forest types even though it
varied from 67.0 g C m~2 in the forest floor of jack pine
to 91.9 g C m~2 in that of the sugar maple forest (Table
2). Respired C averaged 4% of forest floor organic C in
all forest types. Among stands, respired C was signifi-
cantly but poorly correlated with MAP (r = —0.207),
organic C (r = 0.673), and total N (r = 0.648). These
variables, however, were not significantly correlated with
respired C within a forest type.

Rate constants for microbial respiration were signifi-
cantly different among forest types, even though the means
fell within a relatively narrow range of values (Table 2).
Mean rate constants for forest floors of quaking aspen
and sugar maple (0.269 wk"1) were significantly lower
than those in the coniferous forests. Turnover times for
respired C pools, calculated from the rate constants
(1/fc), were relatively rapid and ranged from 3.3 to 3.7
wk among forest types. Rate constants for microbial res-
piration were not significantly correlated with climatic
variables or with soil C and N pools.

Total N in the forest floor ranged from 37 g N m~2

(red pine) to 77 g N m~2 (balsam fir) among the forest
types; differences were significant (Table 2). In general,
the pine-dominated forests had the lowest forest floor

total N, whereas the hardwood forests had intermediate
values. Mineralized N in the sugar maple forest floor
(4.1 g N m~2) was significantly greater than in the other
forest types (Table 2). Mineralized N was 4% of total N
in the balsam fir and quaking aspen forest floors and 6%
of total N in the other forests. Organic C (r = 0.673)
and total N (r = 0.648) in forest floor were significantly
correlated with mineralized N pools among stands. Cli-
matic variables were not significantly correlated with
mineralized N within a forest type or among all 154
stands. Mineralized N was well correlated with respired
C among stands (g Cresp m-2 = 15.9 g Nmin m-2 +
27.4; MSB = 653.9; r = 0.853; n = 154; P = 0.0001).

Rate constants for N mineralization were significantly
lower in the jack pine and balsam fir (0.326 wk-1) forest
floor compared with those of other forest types. The
most rapid rate constant was in the quaking aspen forest
floor, where the mean was 0.556 wk"1. Calculated turn-
over times for mineralized N (at 35 °C) ranged from 1.8
to 3.9 wk. Although MAP (r = -0.210) was signifi-
cantly correlated with rate constants for N mineraliza-
tion, it accounted for a very small proportion of the
variation among the 154 stands. Climatic variables were
not correlated with rate constants within a forest type.

Mineral  Soil

Organic C was significantly lower in the surface min-
eral soil of the pine-dominated forests compared with the
fir  and hardwood forests, with the lowest organic C in
the jack pine forest (3335 g C m~2) and highest in the
balsam fir forest (5485 g C irr2; Table 2). Mean respired
C was four to six times greater in the mineral soil than
in the forest floor. Although means ranged from 288 g
C m-2 in the balsam fir forest to 356 g C m-2 in the red
pine forest, differences among forest types were not sig-
nificant (Table 2). Respired C represented 5% of soil
organic C in the balsam fir forest and = 10% in the pine
forests; the quaking aspen and sugar maple forests had
intermediate values (both 7%). The MAP (r = 0.197),
organic C (r = 0.440), and total N (r = 0.473) were
significantly correlated with respired C pools among the
154 stands. Climatic variables were not significantly cor-
related with respired C pools within a forest type.

Rate constants for respired C differed significantly
among forest types but ranged narrowly from 0.303 to
0.350 wk"1 (Table 2). Rate constants were not signifi-
cantly different in the hardwood forests, nor were they
significantly different among the pine forests. Calculated
turnover times for respired C were =3 wk. Rate con-
stants were significantly but poorly correlated with MAT
(r = 0.229), MAP (r = 0.165), and organic C (r =
— 0.226) among all 154 stands. Within a forest type,
these relationships were not significant.

Total N in mineral soil was not significantly different
between the pine-dominated forests. However, total N
in soil was significantly lower in those forests compared
with the others (Table 2). The largest mineralized N pool
was in the quaking aspen forest (29.3 g N m~2), not
significantly different from those in the sugar maple and
red pine forests. The lowest mineralized N pool was in
the balsam fir forest (15.3 g N m~2), where only 5.4%
of total N was mineralized during the 32-wk incubation.
Mineralized N was =8.5% of total N in the hardwood
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Table 2. Organic matter pools and rate constants for microbial respiration and N mineralization for five forest types in the Upper
Great Lakes region. Means are least square estimates based on a one-way ANOVA testing the significance of differences among
forest types.

Forest type

Jack pine
Red pine
Balsam fir
Sugar maple
Quaking aspen

LSD

Jack pine
Red pine
Balsam fir
Sugar maple
Quaking aspen

LSD

Orgam'ct
rr C m-2

1802abH
1581a
2525c
2076abc
1788ab

448.5

3336a
3786a
5485b
4798b
5076b
958.2

C

Respired}

67.0a
70.4a
74.4a
91.9a
71.6a
NS

319.7a
356.4a
288.5a
340.7a
350.6a

NS

Rate constant!

wk-1

Forest floor
0.289ab
0.299b
0.290ab
0.269a
0.269a
0.0229

Surface soil
0.350C
0.349c
0.335bc
0.319ab
0.303a
0.0261

Totalt

SOab
37a
77d
71cd
60bc
15.9

170a
192a
283b
295b
303b
62.8

N

Mineralized}

- g N m -2 —————

2.8ab
2.2a
3.1ab
4.1b
2.7ab
1.57

21.3b
28.7c
15.3a
24.0bc
29.3c
5.96

Rate constant!

wk-1

0.326a
0.363ab
0.326a
0.445abc
0.556c
0.1561

0.060b
0.043a
0.069b
0.066b
0.058ab
0.0153

t Summarized from David et al. (1988).
}  a from first-order  equation.
§ k from first-order equation.
H Means within a column that have the same letter are not significantly different. Means are least square estimates based on a one-way ANOVA

testing the significance of differences among forest types; NS = not significant.

forests, and was an even larger proportion in the jack
pine (12%) and red pine (15%) forests. Mineralized N
was weakly correlated with AET (r = 0.274) and total
N (/- = 0.479) among the 154 stands. However, min-
eralized N correlated well with respired C pools (g Cresp
m-2 = 159.9 + 7.1 g Nmin m-2;~ MSB = 12870.5; r
= 0.616; n = 154; P = 0.0001). We found no signif-
icant relationships between climatic parameters and min-
eralized N pools for individual forest types.

Rate constants for N mineralization in soil were an
order of magnitude lower than those in the forest floor
(Table 2). The highest rate constant, that in the balsam
fir  forest (0.069 wk"1), was not significantly different
than those measured in the hardwood and jack pine for-
ests (Table 2). Rate constants in the red pine (0.043
wk-1) and quaking aspen (0.058 wk-1) forests were not
significantly different. Turnover times calculated from
rate constants (at 35 °C) ranged from 14 to 23 wk. Nei-
ther the climatic parameters nor C and N pools were
significantly correlated with the rate constants within a
forest type or among all 154 stands.

DISCUSSION
Annual In Situ Fluxes and Laboratory-Defined

Pools
Distinguishing rates of microbial respiration from total

soil respiration has been difficult (Minderman and Vulto,
1973; Schlesinger, 1977), but remains important in un-
derstanding C dynamics within forested ecosystems. Due
to the difficulty in separating these fluxes, few data exist
regarding annual rates of microbial respiration from for-
ested soils. However, Weber (1985; 1990a,b) has mea-
sured total soil respiration in forests similar to those we
studied. Annual C02 emissions calculated from his data
suggest that this flux is equivalent among jack pine (270
gCm~2yr-1) , red pine (220gCm-2yr"'), and quaking
aspen (250 g C m"2 yr-1) forests. However, Schlentner
and Van Cleve (1985) reported a somewhat higher flux

(386 g C m"2 yr-1) for an Alaskan quaking aspen forest.
Assuming that soil microbes contribute 50% of the total
respiratory flux (Ewel et al., 1987; Schlesinger, 1977),
microbial respiration would equal 110 and 135 g C m~2

yr-1 in the red pine and jack pine forests, respectively,
and estimates range from 125 to 190 g C m-2 yr-1 in
the quaking aspen forest. These estimates represent =30%
of the labile C (i.e., respired C) stored within the forest
floor and mineral soil of these forest types.

Estimates of soil respiration for balsam fir or sugar
maple forests in the Lake States region are not available.
However, Goreau (1981) measured a flux of 670 g C
m-2 yj.-i for a northern hardwood forest in the north-
eastern USA. Microbial respiration estimated from this
flux (335 g C m-2 yr-1 at 50% of soil respiration) rep-
resented 77% of the respired C pool we measured in the
sugar maple forest type. Because C stored within the
forest floor and surface mineral soil of this northeastern
forest was greater than that in similar Great Lakes forests
(Federer, 1983; Grigal and Ohmann, 1992), and because
of differences in climate and aboveground litter produc-
tion (Gosz et al., 1972; Zak et al., 1986), annual rates
of microbial respiration in the Northeast are probably
greater than in Great Lakes forests.

Carbon inputs from aboveground litter are relatively
well documented for jack pine (mean = 94 g C m-2;
Foster and Morrison, 1976; MacLean and Wein, 1978a,b;
Weber, 1987), red pine (mean = 197 g C m-2; Alban,
1982; Perala and Alban, 1982; Tappeiner and Aim, 1975;
Weber, 1990b), sugar maple (mean = 204 g C m-2;
McClaugherty et al., 1985; Pregitzer and Burton, 1991;
Zak et al., 1986), and quaking aspen (mean = 160 g C
m-2; Alban, 1982; McClaugherty et al., 1985) forests
in the upper Great Lakes region. Estimates were not
available for balsam fir forests; however, Sprugel (1984)
measured inputs of 170 g C m"2 yr-1 in the southeastern
USA. These inputs are comparable to in situ estimates
of microbial respiration. However, the turnover of an-
nual aboveground litter production typically occurs over
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several years, suggesting that only a fraction of this ma-
terial is metabolized on an annual basis (Weber, 1990b).
Root litter and exudates, in addition to aboveground in-
puts, would undoubtedly increase total C inputs well be-
yond estimates of microbial respiration.

Our measures of labile C within the forest floor and
mineral soil were far greater than that annually supplied
through aboveground litter. For example, C from above-
ground litter represents 30 (jack pine) to 47% (balsam
fir)  of the labile C already stored within the forest floor
and mineral soil, and not all C additions from litter are
labile. More importantly, respired C pools (i.e., forest
floor + mineral soil) in the jack pine, red pine, and
quaking aspen forest types were three to four times
greater than annual in situ estimates of microbial res-
piration. Respired C in the sugar maple forest was also
greater than in situ estimates of microbial respiration,
although these data are weaker. Nevertheless, our data
suggest that labile C in the forest floor and mineral
soil was far greater than the amounts of C added through
annual aboveground litterfall and that respired by soil
microbes.

Pastor et al. (1984) demonstrated that in situ N min-
eralization was well correlated with N in aboveground
litter. In our study, mineralized N in forest floor was
approximately equal to that contained in the annual lit-
terfall of jack pine (mean = 4.2 g N m~2 yr-1; Perala
and Alban, 1982; Weber, 1987), red pine (mean = 3.5
g N m-2 yr-1; Perala and Alban, 1982; Weber, 1990b),
sugar maple (mean = 2.5 g N m~2 yr-1; Pregitzer and
Burton, 1991; Pastor et al., 1984; Zak et al., 1986), and
quaking aspen forests (mean = 4.0 g N m~2 yr-1; Perala
and Alban, 1982). If mineralized N pools in the forest
floor and mineral soil are combined, however, they far
exceed estimates of litterfall N and of in situ mineral-
ization rates. For example, mean mineralized N across
all forest types (53.6 g N m~2, forest floor + mineral
soil) was five times greater than any annual rate reported
using in situ soil incubations (Nadelhoffer et al., 1983;
McClaugherty et al., 1985; Mladenoff, 1987; Pastor et
al., 1984; Plymale et al., 1987; Zak and Pregitzer, 1990;
Zak et al., 1991). The in situ release of N must be limited
by factors other than substrate pool size. Our results sug-
gest that there are relatively large quantities of N that
could become available if soil temperature and moisture
were more suitable for microbial activity.

Rate Constants for Microbial  Respiration
and Nitrogen Mineralization

Relatively few studies have quantified rate constants
for microbial respiration in forested ecosystems. In the
northeastern USA Harris and Rhia (1991) found mean
values (23 °C) of 0.145 wk-1 and 0.102 wk-1 in sugar
maple and red pine forest floor, respectively. When ad-
justed to an incubation temperature of 23 °C (&sugar maeie
= 0.117 wk-1, fcredpine = 0.130 wk-1) our values closely
agree with theirs. Additionally, the overall mean for for-
est floor (0.286 wk-1) and mineral soil (0.331 wk-1) are
similar to the values used by Parton et al. (1987) to
describe the decomposition of metabolic surface litter
(0.28 wk-1) and metabolic soil litter (0.35 wk-1).

The relatively narrow range of rate constants for mi-
crobial respiration among forests suggests that a func-

tionally similar class of organic compound(s) was
metabolized during the laboratory incubation. At 35 °C,
turnover (I/A:) of this material in both forest floor and
mineral soil occurred over an approximate 3-wk period.
During the growing season, however, surface soil tem-
peratures in the upper Great Lakes region are much
lower and average 11 °C (N. MacDonald, 1992, per-
sonal communication). At this temperature, the turn-
over time for respired C is 16 to 18 wk, a period of
time equivalent to the annual growing season. It is
important to point out, however, that soil water deficits
during mid-summer undoubtedly constrain these rates;
the aforementioned values were determined at field ca-
pacity. Due to the rapid and narrow range of rate con-
stants, in situ rates of microbial respiration are likely
to be primarily driven by environmental factors and
secondarily by C availability.

Rate constants for N mineralization were far more var-
iable than those for microbial respiration, and differed
by an order of magnitude between forest floor and min-
eral soil material. Differences in litter chemistry are par-
tially reflected in the variation we found among forest
floor means. For example, the lowest rate constants oc-
curred in the coniferous forests, where inputs of lignified
litter generally slow decomposition and N mineralization
(Perala and Alban, 1982; Pastor et al., 1984; Mc-
Claugherty et al., 1985). Nevertheless, all the forest floor
rate constants produced rapid turnover times (e.g., 1-3
wk at 35 °C), which represent relatively short periods of
time compared with more stable forms of organic matter.
Adjusting our rate constants to mean field temperature
increased labile N turnover to = 13 wk. In contrast, turn-
over in mineral soil averaged 17 wk at laboratory tem-
perature, and 90 wk at field temperature. Although the
extent to which forest floor or mineral soil function as
the major source of N can vary (Federer, 1983; Binkley
and Hart, 1989), the potential for a rapid turnover of N
in the forest floors we studied confirms that it is a sig-
nificant source of N for tree growth.

The differences we observed in rate constants for for-
est floor and mineral soil suggest that N may have been
mineralized from different types of organic matter in
these ecosystem compartments. Furthermore, the rela-
tively low rate constants for mineral soil suggest that N
was liberated from organic matter that was relatively
more recalcitrant than that in the forest floor. Our values
for mineral soil were lower than those measured by Burger
and Prichett (1984) in a mixed pine (slash pine, Pinus
elliotii  Engelm., and longleaf pine, Pinus palustris Miller)
forest of the southeast USA (0.14 wk-1, corrected to 35
°C). The most rapid rate constant we measured was

approximately one-half that value (0.060 wk-1). Al-
though we have one data point from a forested ecosystem
for comparison, our rate constants fall within the range
of values reported for agricultural soils (0.028-0.266 wk-1

at 35 °C; Stanford and Smith, 1972; Juma et al., 1984).
Juma et al. (1984) speculated that the range of rate con-
stants reported for agricultural soils suggests that an ar-
ray of labile organic compounds serve as substrates for
mineralization. The differences we found between the
mineral soil and forest floor support this contention.

Several investigators have demonstrated a linear re-
lationship between net C and N mineralization from or-
ganic substrates with low C/N ratios (Gilmore et al.,
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1985; Gale and Gilmore, 1986; Moorhead et al., 1987).
During the first 14 d of their study, Gale and Gilmore
(1988) observed that C and N were mineralized at a ratio
of 6:1; thereafter, the ratio narrowed to =1:1 until Day
30. In our study, C and N were liberated at a ratio of
7:1 (i.e., regression slope) in mineral soil, which closely
matches the initial relationship found in the aforemen-
tioned study. This ratio was much wider (16:1) in forest
floor material, even though rate constants for N miner-
alization were ten times greater than those in the mineral
soil. Nitrogen release from forest floor material occurred
at a faster rate, but the total pool size was much smaller
than that in the mineral soil. This relationship illustrates
the interplay between kinetic rate constants and pool sizes
in regulating C and N dynamics within the soil. Models
considering the temporal dynamics of substrate pools as
well as rate constants may provide more precise predic-
tions of these processes.

Neither labile C and N pools nor rate constants for
microbial respiration and N mineralization were well
correlated with regional climatic parameters. Although
one could therefore conclude that labile organic matter
within a forest type does not vary along a regional cli-
matic gradient, our data may not reflect the site-specific
climatic conditions that influence the cycling of C and
N. Factors that modify regional climate, such as physio-
graphic differences and proximity to lakes, were not con-
sidered by our weather station data. Some of the variation
that we observed in pools of respired C and mineral-
ized N may therefore be due to differences in local
climate; such differences clearly play a strong role in
structuring the spatial distribution of forest ecosys-
tems. Site-specific climatic data are necessary to fully
clarify the link between climate and labile organic mat-
ter dynamics.

The comparisons that we have made are based on data
obtained from laboratory incubations where conditions
differ greatly from those in the field. It could be argued
that our approach does not accurately estimate labile pools
of C and N. For example, our samples were stored at
O °C, and numerous studies have demonstrated that freeze-
thaw cycles temporarily increase rates of microbial ac-
tivity  and, in particular, rates of denitrification (Chris-
tensen and Tiedje, 1990; Goodroad and Keeney, 1984;
Groffman and Tiedje, 1989). This phenomenon has been
attributed to increases in C availability resulting from the
death of microbial cells and from the release of physi-
cally protected organic matter (Soulides and Allison, 1961;
Mack, 1963). Although such increases could elevate in-
itial respiration or mineralization rates, it seems unlikely
that they would cause large overestimates of respired C
or mineralized N pools during a 32-wk incubation.
Nevertheless, such an alternative should not be ignored
and could be evaluated by incubating fresh intact soil
cores rather than homogenized stored samples.

In addition, our incubations were conducted at a tem-
perature (35 °C) not commonly experienced by soil mi-
crobes in northern temperate forests. Given the difference
between field and laboratory temperatures, our incuba-
tions may have favored organisms whose temperature
and moisture optima were higher than those active under
field conditions. We cannot quantitatively determine how
such changes may have influenced microbial respiration
and N mineralization. Conducting laboratory incubations

at temperatures nearer field conditions, or studies in-
cluding a range of incubation temperatures, however,
could provide insight into these influences.

CONCLUSIONS
Our results indicate that, although there are differ-

ences in respired C and mineralized N in forest floor and
surface mineral soil, rate constants and pools do not vary
predictably with regional climate. Although environment
and substrate both influence microbial activity, the con-
clusion that we draw from our analysis is that the dom-
inant variable controlling the in situ release of C and N
from labile organic matter is the local environment. This
is supported by the narrow range of rate constants, in-
dicating that labile organic matter pools were function-
ally similar among forest types. Additional support for
our conclusion stems from the greater quantities of C
and N metabolized under laboratory conditions of tem-
perature and water availability compared with those re-
leased in situ. Therefore, factors other than substrate
chemistry and pool size must limit the release of C and
N from labile organic matter under field conditions. We
suggest that these processes may be more strongly influ-
enced by local temperature and moisture regimes than
by differences in litter chemistry related to overstory
composition. If we are correct, then attempts to model
the dynamics of labile C and N in forested ecosystems
should emphasize local environmental parameters more
than litter chemistry. Moreover, our results have clear
implications for a potential positive feedback mechanism
of global warming on C and N dynamics.
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