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Abstract

It has been hypothesized that greater production of total nonstructural carbohydrates
(ITNCQ) in foliage grown under elevated atmospheric carbon dioxide (CO,) will result
in higher concentrations of defensive compounds in tree leaf litter, possibly leading to
reduced rates of decomposition and nutrient cycling in forest ecosystems of the future.
To evaluate the effects of elevated atmospheric CO, on litter chemistry and decompo-
sition, we performed a 111 day laboratory incubation with leaf litter of trembling
aspen (Populus tremuloides Michaux) produced at 36 Pa and 56 Pa CO, and two levels
of soil nitrogen (N) availability. Decomposition was quantified as microbially respired
CO, and dissolved organic carbon (DOC) in soil solution, and concentrations of non-
structural carbohydrates, N, carbon (C), and condensed tannins were monitored
throughout the incubation. Growth under elevated atmospheric CO, did not signifi-
cantly affect initial litter concentrations of TNC, N, or condensed tannins. Rates of
decomposition, measured as both microbially respired CO, and DOC did not differ
between litter produced under ambient and elevated CO,. Total C lost from the sam-
ples was 38mgg™ litter as respired CO, and 138mgg™" litter as DOC, suggesting
short-term pulses of dissolved C in soil solution are important components of the ter-
restrial C cycle. We conclude that litter chemistry and decomposition in trembling

aspen are minimally affected by growth under higher concentrations of CO,.
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Introduction

The inverted latitudinal gradients of global net primary
production and soil organic matter indicate that decom-
position is the major controller of carbon (C) storage in
terrestrial ecosystems (Olson 1963). Rising levels of
atmospheric carbon dioxide (CO;) are expected to alter
many ecosystem processes (Strain & Bazzaz 1983; Eamus
& Jarvis 1989; Melillo etal. 1996), but its effects on
decomposition through changes in the quantity and
quality of plant litter are especially important (Torbert
etal. 1998). The carbon:nutrient balance hypothesis
(CNBH) (Bryant etal. 1983; Bazzaz etal. 1987) predicts
that under conditions favouring C uptake (e.g. elevated
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atmospheric CO,) C not needed for growth will be stored
as nonstructural carbohydrates and subsequently
shunted into production of C-based secondary com-
pounds, possibly deterring herbivory or reducing rates of
decomposition (Horner etal. 1988). Therefore, rising
atmospheric CO, has the potential to influence decom-
position by altering the chemical constituents of plant
tissues. It is widely recognized that growth under
elevated atmospheric CO, generally increases total plant
biomass production (Ceulemans & Mousseau 1994;
Rogers etal. 1994; Amthor 1995; Curtis & Wang 1998),
and recent evidence suggests that it can alter plant tissue
chemistry (Lindroth 1996; Poorter etal. 1997; Gebauer
etal. 1998, Martijn Bezemer & Hefin Jones 1998). The
most commonly observed change in leaf tissue chemistry
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under elevated CO, is an increase in total nonstructural
carbohydrates (TNC) (Poorter etal. 1997). Reductions in
tissue N concentration have been linked to increases in
nonstructural carbohydrates (Kuehny et al. 1991), and can
also result from greater nutrient-use efficiency (NUE)
(Norby et al. 1986; King et al. 1997a). Both mechanisms of
reducing tissue N concentration contribute to the
reported increase in C/N ratio under elevated CO,
(Pregitzer etal. 1995; Randlett etal. 1996). In addition,
elevated atmospheric CO, has been found to result in
increases in tannins and phenolics (Lindroth 1996;
Gebauer etal. 1998), but effects on lignin were minimal
in a wide range of species (Poorter et al. 1997). Currently,
research indicates that elevated CO, has inconsistent
effects on litter chemistry and rates of decomposition. In
a recent review of the literature, O'Neill & Norby (1996)
concluded that litter produced in pot studies frequently
exhibited increased C/N ratio in response to elevated
CO,, and decreased rates of decomposition. Conversely,
they found that litter produced in open-top chambers
was not affected by growth under elevated CO,, and that
rates of decomposition did not differ from those of
control litter. Other evidence from a variety of controlled
environment facilities (growth chambers, open-top
chambers, and free-air carbon dioxide enrichment),
suggests that litter of some herbaceous plants, crops
and trees produced under elevated CO, exhibits altered
chemical composition and decomposes more slowly than
ambient-grown litter (Ball & Drake 1997; Prior etal. 1997;
Robinson et al. 1997; Cotrufo et al. 1998; Torbert et al. 1998;
van Ginkel & Gorissen 1998). Recently, scientists con-
vening at an international symposium on litter chemistry
and decomposition under elevated CO, concluded that
there is insufficient evidence to support the hypothesis
that rates of decomposition will decrease as a result of
reduced quality litter (Norby & Cotrufo 1998).

In order to evaluate the effects of elevated atmospheric
CO; on litter chemistry and decomposition in a wide-
spread northern tree species, we collected leaf litter of
trembling aspen (Populus tremuloides Michaux) produced
in an open-top chamber experiment and performed a
laboratory incubation for 111 days. Trembling aspen has
the largest distribution of any tree species in North
America, spanning 111° of longitude and 48° of latitude
(Perala 1990), and on productive sites in the Lake States
regions can sequester 29MgC ha™'y ™' (Alban & Perala
1992). Decomposition was measured as microbial re-
spiration and the production of dissolved organic C
(DOCQ). Total nonstructural carbohydrates, N-concentra-
tion, and condensed tannins were monitored for the
duration of the experiment to link dynamics of decom-
position with changing litter chemistry. We hypothesized
that leaf litter developed under elevated atmospheric
CO; would have higher levels of TNC resulting in higher

C/N ratios, but that this effect would be reduced in
foliage grown at high soil-N availability. Additionally,
we hypothesized that under conditions of elevated CO,,
higher levels of C-based secondary compounds (tannins)
would be produced with this effect also expected to be
smaller for foliage grown at high soil-N availability. For
both of these reasons, we expected foliage produced
under elevated CO, to decompose more slowly than
ambient-grown foliage, especially when grown at low
soil-N availability.

Materials and methods

Field site

A randomized complete block design of ambient and
elevated CO,, and high and low soil-N availability
treatments replicated five times was established in an
open-top chamber facility at the University of Michigan
Biological Station, near Pellston, MI, in the spring of 1997.
The 20 open-top chambers measured 3m in diameter
(Rogers etal. 1983). The chambers were installed atop
open-bottom root boxes (3.5mX3.5mX0.5m) filled
with one of two soil mixes (Pregitzer etal. 1995). The
soil resulted in levels of N-availability characteristic of
the range found across the northern Great Lakes region
(Zak & Pregitzer 1990). High N-availability soil consisted
of a homogenized A-horizon of a Kalkaska series soil
(sandy, mixed, frigid, Entic Haplorthod) with a net initial
N-mineralization rate of 348ugNg™'d™". The low N-
availability soil was a 4:1 mix of Rubicon series C-
horizon soil (sandy, mixed, frigid, Entic Haplorthod)
with A-horizon of the Kalkaska series soil; it had a net
initial N-mineralization rate of 45ugN g’1 d™? (Randlett
etal. 1996). The CO, fumigation system has been
previously described (Curtis etal. 2000), but briefly,
consisted of a centrally located intake line to monitor
ambient atmospheric CO, concentration, a sample line,
and CO, dispensing lines going to each of the 10 elevated
CO, chambers. Ambient and treatment sample lines
were sequentially switched to a Li-Cor 6262 infra-red gas
analyser by a computer control system that recorded 2-
minute averages of CO, concentration every 22 min over
a 24-h period. Carbon dioxide dispensing lines ran from
a common manifold connected to a 6-ton liquid CO,
reservoir, through individual flow meters, and out to
each elevated CO, chamber. Carbon dioxide concentra-
tions in each elevated CO, chamber were monitored and
flow rates adjusted manually to maintain the treatment
differential at =20Pa (% 10%). Chambers were fumi-
gated 24 h per day, beginning on 9 June 1997 and ending
on 29 October 1997. Mean daytime ambient and elevated
CO, concentrations (SD) were 35.8Pa (0.7) and 56.0Pa
(1.3), respectively.
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During the last week of CO, fumigation, naturally
senescing litter from all clones in each chamber was
collected in approximately equal proportions. Most of
the litter consisted of dry brown leaves that had naturally
fallen, but some were still attached to the tree and were
easily dislodged by gently brushing the branches. The
litter was dried in an oven to constant mass at 60 °C to
arrest any changes that might have occurred between the
time of collection and the beginning of the decomposi-
tion experiment. We are aware that oven drying may
affect concentrations of carbohydrates and some second-
ary compounds in foliage (Lindroth & Koss 1996). It has
been shown that even air-drying litter may greatly
reduce rates of decomposition (Taylor 1998), and it was
considered herein that artefacts introduced by oven
drying were minimal in this instance because the litter
was already largely dry. Observations of relative
constituent concentrations in foliage and litter, and
similar decomposition dynamics of material that had
been freeze-dried vs. oven-dried support this contention
(data not shown).

Laboratory incubations

In late January 1998, the aggregated litter from each
chamber was coarsely fragmented in a large Wiley mill
(Arhur H. Thomas Co., Philadelphia, PA) equipped with
a 4-mm mesh screen and mixed thoroughly to provide a
uniform starting medium for the incubations. Forty
grammes of homogenized A-horizon soil collected from
a forest adjacent to the field site (Typic Udipsamment)
was placed in the top half of modified microlysimeters
(Falcon Filter Unit #7102, Becton Dickinson and Co.,
Cockeysville, MD) (Zak et al. 1993). A common inoculum
was used rather than soil from the chambers because a
previous experiment (Randlett ef al. 1996) found that soil-
N availability dominated the microbial response. In this
experiment we were interested in characterizing the
direct effects of substrate quality on microbial metabo-
lism, rather than gross differences in decomposition as a
result of changes in microbial community composition or
soils of greatly differing nutrient availability. Visible
organic matter was first removed from the forest soil
with a fine mesh soil sieve and the soil placed on 1.7 um
filter paper that separated the top and bottom portions of
the microlysimeters. A 1-mm mesh fibreglass screen was
placed on top of the soil, followed by 1g of the
homogenized leaf litter. The four outlets in the micro-
lysimeters (two top, two bottom) were closed with
appropriately sized butyl rubber septa and all seams
were sealed with silicone sealant.

The incubation was started by adding 10mL of de-
ionized water to each microlysimeter, flushing the units
with CO,-free air, and placing them in an incubator at
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25°C. The incubation was started with eight complete
sets of microlysimeters (20 units per set), with one
microlysimeter corresponding to each of the open-top
chambers, duplicating the statistical design of the field
experiment. Ten ‘blank’ microlysimeters were also
constructed, using soil inoculum only (i.e. no added
litter) to correct estimates of microbial respiration and
DOC production for that arising from native soil carbon.
There was a total of 170 units and one set (20) was
destructively harvested every two weeks. At each
harvest, a sample of headspace gas from each unit was
collected through the septa with a syringe and tempora-
rily stored in a sealed 3-mL serum vial. Litter within the
units was then extracted with 50mL of 0.01m CaCl
solution, which was collected in the bottom half the
microlysimeters by placing them under a vacuum. The
extracts were collected with a large syringe, passed
through a 0.45um filter into sample bottles, acidified to
pH2-3 with HClI and stored at 4 °C. Litter samples were
collected by removing the fibreglass screen to which
most of the solid material adhered. These were placed in
paper envelopes and oven dried to constant mass at
35°C. All remaining units were extracted with 0.01m
CaCl,, fertilized with 25mL of a dilute nutrient solution
containing 0.002m CaCl,, 0.002m MgCl,, 0.005m KCl,
and 0.005m Ca(H,PO,), to replace nutrients lost during
the extractions following Randlett etal. (1996), flushed
with COy-free air to prevent end-product inhibition of
further decomposition, and returned to the incubator.
Samples in the microlysimeters remained moist through-
out the experiment.

Chemical determinations

Carbon dioxide concentrations of the headspace gas were
determined by injecting samples into a Tracor Model 540
gas chromatograph equipped with a thermal conductiv-
ity detector. Concentrations of total dissolved organic
carbon (DOC) in the CaCl, extracts were determined
using a Shimadzu TOC-5000A total organic carbon
analyser, which oxidizes the sample with a Pt on alumina
catalyst (680°C) to quantify total carbon content in
samples from which inorganic carbon (i.e. CO,) has been
removed. Total carbon (% C) and total nitrogen (% N) in
the decomposed leaf samples were measured using a
Carlo Erba NA1500 Series II elemental analyser run with
National Institute of Standards and Technology pine
needle and peach leaf standards as a quality control.
Total nonstructural carbohydrates (starch and soluble
sugars) in the decomposed leaf samples were quantified
using the method of Tissue & Wright (1995).
Twenty-five mg subsamples were extracted with
methanol:chloroform:water to release soluble sugars
and the remaining pellet was digested with 35%
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Fig. 1 Mean (N=4 to 5) soluble sugar (a) and starch (b) con-
centrations in aspen leaf litter grown at ambient and elevated
atmospheric CO, and two levels of soil N availability, incu-
bated for 111 d at 25° C. Bars are SE. I-beams are Fisher’s least
significant difference (LSD) for each a posteriori comparison of
means. Figure legend: factorial combinations of atmospheric
CO, partial pressure (36, 56 Pa), and high and low soil N
availability (HN, LN), respectively.

perchloric acid to hydrolyse starch into soluble sugars.
Both soluble and insoluble sugars (i.e. starch) were
quantified colourimetrically by comparing sample ab-
sorption (490nm A) to that of glucose standards.
Condensed tannins were determined by the acid butanol
method (R.L. Lindroth, pers. comm.; Porter etal. 1986;
Hagerman & Butler 1989). Seventy-five mg samples were
extracted with an acetone—ascorbic acid mixture. Extracts
(500 ul) were extracted with acid butanol and an iron
reagent and incubated at 100 °C for 50 min. Absorbance
(550nm L) of the extracts was read with a spectro-
photometer and compared to a standard curve prepared
from purified Quebracho tannin.

Statistical analyses

Effects of CO, and soil-N availability on litter chemistry
and decomposition were tested using two-way analyses
of variance (anova) for a randomized complete-block
design (Proc GLM, Statistical Analysis Systems software

version 6.12, SAS Institute, Inc., Cary, NC). Inspection of
residuals and normal probability plots indicated that log
transformation was required to normalize the variance
across treatments, meeting the assumptions of anova
(Sokal & Rohlf 1995). Data are presented as back-
transformed means and standard errors. The o level
was set at 0.05 and to assess the potential of making Type
II statistical errors (accepting the null hypothesis when it
is false) Fisher’s least significant difference (LSD) was
calculated a posteriori for each statistical test and plotted
as I-beams for each date samples were collected.

Results

Total nonstructural carbohydrates

Soluble sugars in the preincubation, aspen litter averaged
86mg g’1 leaf dry weight (Fig.1a), and did not vary
significantly by treatment (Table1). After two weeks of
incubation, soluble sugar concentration fell to almost
zero and remained there for the duration of the
incubation, except at days 55 and 69, at which times it
rose to approximately 11-16mg g’1 leaf dry weight,
respectively. Treatment effects remained insignificant
for the entire incubation (Table 1). Initial concentrations
of starch in the leaf litter averaged 96 mgg™" dry weight
(Fig.1b) and, as with soluble sugars, there were no
statistically significant treatment effects. Starch concen-
tration approached zero over the course of the incuba-
tion, and treatment effects remained insignificant.

C/N ratio and N

Changes in litter C/N ratio (Fig.2a), while statistically
significant (Table 1), were minor for litter produced at
elevated CO, (C/N=22) compared to ambient CO, (C/
N =21). Over the course of the incubation, the C/N ratios
declined to 15 for the elevated CO,-low N availability
treatment vs. an average of 13 for all other treatments,
which were similar to one another (Fig. 2a). The elevated
atmospheric CO,, low N availability treatment (56LN)
consistently had a higher C/N ratio than the other
treatments and was responsible for the statistically
significant CO, effect at most harvests (Fig.2a, Table1).
Initial N concentration averaged 23mg g‘1 for ambient
grown foliage while that grown under elevated CO,
averaged 21mgg™" (Fig.2b), and this difference was
again statistically significant (Table1). Nitrigen concen-
trations decreased to approximately 10 mg g’1 at Day 28,
but then increased to 17mg g’1 by Day 69 before
declining to 7mgg™ through the remaining 40 days.
Litter N concentrations were rarely affected by growth
CO,, and never by soil-N availability, or their interaction
(Table1).
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Table1 P-values (< 0.05) for biochemical constituents of decomposing aspen foliage produced under conditions of ambient and
elevated atmospheric CO,, and low and high soil N availability. Column headings: ‘Initial’ refers to pre-incubation litter, and
numbers refer to number of days from beginning of incubation that a set of units (20) was harvested.

Day
Constituent  Source Initial 15 28 41 55 69 83 97 111
Sol. Sugar CO, NS NS NS NS NS NS NS NS NS
N NS NS NS NS NS NS NS NS NS
CO, XN NS NS NS NS NS NS NS NS NS
Starch CO, NS NS NS NS NS NS NS NS NS
N NS NS NS NS NS NS NS NS NS
CO, XN NS NS NS NS NS NS NS NS NS
C/N ratio CO, 0.012 NS NS NS 0.016 0.007 NS 0.005 0.000
N NS NS NS NS NS NS NS NS 0.002
CO, XN NS NS NS NS NS NS NS 0.052 NS
N CO, 0.005 0.028 NS NS NS NS 0.054 NS NS
N NS NS NS NS NS NS NS NS NS
CO, XN NS NS NS NS NS NS NS NS NS
Tannin CO, NS NS NS NS NS NS NS NS NS
N NS NS NS NS 0.043 NS NS NS NS
CO, XN NS NS NS NS NS NS NS NS NS
Microbial CO, - NS 0.013 NS NS NS NS NS NS
respiration N - NS NS NS NS 0.009 NS NS NS
CO, XN - NS NS NS NS NS NS NS NS
DOC-C CO, NS NS NS NS NS NS NS NS NS
N NS NS NS NS NS NS NS NS NS
CO, XN NS NS NS NS NS NS NS NS NS

Condensed tannins

Condensed tannin concentrations in the senesced leaf
material were 51, 57, 64, and 74mg g’1 for the ambient
CO,, low and high N availability, and elevated CO,, low
and high N availability treatments (36LN, 36HN, 56LN,
and 56HN), respectively, but were not significantly
different from one another (Table1). After two weeks
of decomposition, condensed tannin concentrations
dropped more than 90% to 5mgg™ and continued
decreasing to less than 2mgg™ over the course of the
111-d incubation (Fig. 3). Treatment effects on condensed
tannin concentrations remained insignificant for the
duration of the experiment, except for a single N-effect
on the harvest at Day 55 (Table 1).

Microbial respiration and DOC

Carbon dioxide evolution from microbial respiration of
the decomposing leaf substrate peaked 41days after
beginning the incubation. The amount of C respired

©2001 Blackwell Science Ltd, Global Change Biology, 7, 65-74

during the 2-week interval preceding this harvest was
6mgCO,-C g " leaf averaged over all treatments (Fig. 4a).
For the two-week period immediately prior to the
harvest at Day 111, the amount of C respired decreased
by 50% to an average of 3mgCO,-Cg ™" leaf. Microbial
respiration was significantly affected by the concentra-
tion of atmospheric CO, at which the leaf litter was
produced only on the Day 28 harvest (P=0.013, Table1).
Over this interval, less C was respired from substrate that
had been produced under elevated atmospheric CO,
(Fig. 4a). Microbial respiration was significantly affected
by the level of soil-N availability at which the leaf litter
had been produced only on the harvest on Day 69
(P=0.009, Table 1). In this case, less C was respired from
litter that had been produced under higher N avail-
ability. The mean total amount of C respired over the
111-d incubation was 39, 40, 37 and 37 mgCO,-C g"l litter
for the 36HN, 36LN, 56HN and 56LN treatments,
respectively.

Initial quantities of DOC-C leached from the aspen
leaf litter were very high, averaging 133, 124, 143, and
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Fig. 2 Mean (N=4 to 5) C/N ratio (a) and N concentration (b)
of trembling aspen leaf litter grown at ambient and elevated
atmospheric CO, and two levels of soil N availability, incu-
bated for 111 d at 25° C. Bars are SE. I-beams are Fisher’s least
significant difference (LSD) for each a posteriori comparison of
means. Figure legend: factorial combinations of atmospheric
CO, partial pressure (36, 56 Pa), and high and low soil N
availability (HN, LN), respectively.

146mgCg™" leaf for the 35HN, 35LN, 55HN and 55LN
treatments, respectively, and were not significantly
different from one another (Tablel). Fourteen days
after the incubations had begun, DOC concentrations
in the extracts had dropped precipitously to an
average of only 1.5mgCg™' leaf (Fig.4b). Thereafter,
DOC concentrations in the extracts approached zero,
and growth conditions (CO,, N) continued to have no
significant effect (Table1).

Discussion

We hypothesized that growth under elevated atmo-
spheric CO, would cause greater accumulation of TNC
in leaf litter of trembling aspen, resulting in higher C/N
ratios and higher concentrations of condensed tannins
resulting in slower rates of decomposition. We found
very minor changes in litter chemistry under elevated
atmospheric CO,, and rates of decomposition were
unaltered.

Condensed tannins (mg/g)

Length of incubation (d)

Fig. 3 Mean (N=4 to 5) concentrations of condensed tannins
as determined with Quebracho standard in aspen leaf litter
grown at ambient and elevated atmospheric CO, and two le-
vels of soil N availability and incubated for 111 d at 25° C.
Bars are SE, and I-beams are Fisher’s least significant differ-
ence (LSD) for each a posteriori comparison of means. Figure le-
gend: factorial combinations of atmospheric CO, partial
pressure (35, 55 Pa), and high and low soil N availability (HN,
LN), respectively. Initial values are given in Results and were
not plotted because trends over time would have been ob-
scured.

Effects of elevated CO, and soil-N on litter chemistry

Many investigators have found increases in plant tissue
TNC, C/N ratio, and production of secondary com-
pounds in response to elevated CO, (Lindroth 1996;
Poorter et al. 1997; Entry et al. 1998; Gebauer et al. 1998), in
apparent support of the Carbon Nutrient Balance
Hypothesis. Increases in the production of secondary
compounds under elevated atmospheric CO, are, how-
ever, often small or are not statistically significant
(Pefiuelas etal. 1996; Heyworth etal. 1998; Kainulainen
etal. 1998). As noted in an earlier study (Randlett etal.
1996), differences in foliage chemistry caused by growth
under elevated atmospheric CO, may not translate into
differences in leaf litter chemistry. The most common
changes in foliage tissue chemistry in a wide variety of
species grown under elevated CO, are increases in TNC,
and reductions in N concentration (Poorter etal. 1997;
Martijn Bezemer & Hefin Jones 1998). In a survey of
clonal variation in foliage tissue chemistry, Lindroth &
Hwang (1996) observed that wild aspen of the same
provenance as those used in our study exhibited starch
concentrations ranging from less than 10mgg™ to
approximately 50 mg g during their late-June sampling.

Concentrations of starch and soluble sugars in natu-
rally senescing aspen litter from this study averaged
96.2mgg ' and 86.1mgg ", respectively. This suggests
there was greater allocation of C to TNC late in the
season, possibly in response to the growth conditions of
our experiment, but also a result of growth sink
limitation (Dickson & Nelson 1982; Nguyen efal. 1990).
We found that concentrations of TNC in this material
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Fig. 4 Carbon lost during decomposition as respired CO, (a)
or dissolved organic C (b) in aspen leaf litter grown at ambient
and elevated atmospheric CO, and two levels of soil N avail-
ability and incubated for 111 d at 25° C. Values are means
(N=4 to 5) and bars are standard errors. I-beams are Fisher’s
least significant difference (LSD) for each a posteriori compari-
son of means. Figure legend: factorial combinations of atmo-
spheric CO, partial pressure (36, 56 Pa), and high and low soil
N availability (HN, LN), respectively. Since microbial respira-
tion was quantified as CO, accumulation during the 14 days
preceding each harvest, no ‘“initial’ values are available.

were not affected by growth CO, or soil-N availability.
These findings are partially consistent with Randlett et al.
(1996), who found no change in starch concentrations in
litter of Populus X euramericana in response to elevated
CO,, and contrasting effects on soluble sugars depending
on soil-N availability. Wild aspen litter has been reported
to have C/N ratios of 78 (Taylor 1998) and 54 (Bockheim
etal. 1991; assuming C concentration of 47.5%), while the
litter used in this study had C/N ratios averaging 20.66
and 22.46 for foliage grown at ambient and elevated CO,,
respectively. The much lower C/N ratios found in our
study resulted from the high concentrations of N
retained in the senesced foliage, which has been
observed in other studies using open-top chambers
(Randlett efal. 1996). As nutrient concentrations in litter
are generally proportional to live tissue concentrations
(Nambiar & Fife 1991), discrepancies in C/N ratio could
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be caused by differences in site fertility, or as shown by
our data, effects of the growth chambers. In agreement
with Randlett et al. (1996), we found very minor changes
in C/N ratio of litter produced under elevated atmo-
spheric CO,. The extremely high N content of our leaf-
litter substrate probably minimized N-limitation to
microbial growth, as C/N ratios were less than the
generally accepted limit of 30, below which N miner-
alization occurs (Waring & Schlesinger 1985).
Concentrations of condensed tannins in wild trembling
aspen from the area of the study site were found to range
from approximately 130-270mgg™' depending on geno-
type (Lindroth & Hwang 1996).

In an open-top chamber study similar to ours,
Mansfield etal. (1999) quantified genotypic variation in
condensed tannin production in trembling aspen in
response to elevated CO, and found a range from 47 to
167mgg™" with higher concentrations generally occur-
ring late in the growing season. Although condensed
tannins ranged from 50 to 70mgg ™" in our litter, using a
different method of tannin determination, effects of
elevated atmospheric CO, on condensed tannin produc-
tion should be comparable. Mansfield efal. (1999) found
greater production of condensed tannins in some aspen
clones grown under elevated atmospheric CO,, while
others were unresponsive. We found higher concentra-
tions of condensed tannins in litter produced under
elevated CO,, but differences were small and not
statistically significant. This suggests that tannin produc-
tion in the clones we selected was unresponsive to
elevated CO,, or differences did not persist after
senescence. Overall, we found little effect of elevated
atmospheric CO, on concentrations of TNC or condensed
tannins in aspen leaf litter, suggesting the Carbon
Nutrient Balance Hypothesis may not be directly applic-
able to trembling aspen foliage after senescence.

Effects of litter chemistry on decomposition

We investigated the effects of growth CO, and N
availability on decomposition by quantifying two mea-
sures of C loss from decomposing aspen leaf litter:
microbially respired CO, and dissolved organic C
(DOC). Carbon lost as respired CO, reflects the rapid
cycling of labile substrates (Hungate etal. 1997) compris-
ing a short-term response to elevated atmospheric CO..
Loss of DOC results from the breakdown of more
recalcitrant forms of organic compounds largely com-
posed of humic substances, but DOC may also contain
significant quantities of labile constituents such as low
molecular weight organic acids and carbohydrates
(Herbert & Bertsch 1995). Increases in the production of
DOC under elevated CO, would be expected if litter
contained significantly higher quantities of recalcitrant
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materials, constituting a longer-term response. For the
length of this experiment, however, both measures of
decomposition were little affected by growth CO, or soil-
N availability, supporting the contention that changes to
leaf litter decomposition in a future, high-CO, world will
be minimal (Norby & Cotrufo 1998). In addition, the fact
that we did not observe a significant effect resulting from
growth N availability while Randlett etal. (1996) saw
very strong effects resulting from N availability of the
soil in the microlysimeters, illustrates the importance of
exogenous sources of N to decomposition. Recently, Zak
etal. (2000) observed that microbial biomass was five
times greater and microbial community composition
changed (Gram+ bacteria increased, Gram- decreased)
under our high compared to our low soil-N availability
treatment, but was unaffected by elevated CO,. This very
likely played a role in the large response of microbial
respiration to N reported by Randlett etal. 1996 and the
lack of one in the current study.

Our results agree with previous microlysimeter studies
on Populus leaf litter decomposition (Randlett et al. 1996)
but disagree with many recent reports showing reduced
rates of decomposition under elevated CO, (Ball & Drake
1997; Prior etal. 1997, Robinson etal. 1997; Cotrufo etal.
1998; Torbert et al. 1998; van Ginkel & Gorissen 1998). The
challenge now is to determine why there is so much
disagreement among investigations, a task possibly
suited to meta-analysis (Curtis 1996; Curtis & Wang
1998) of the CO,-decomposition literature.

The dynamics of C loss

It is interesting to contrast the loss of C from decompos-
ing leaf litter as microbial respiration and DOC, while
observing the dynamics of starch and soluble sugars, N,
and the C/N ratio. The single greatest loss of C occurred
during the initial extraction of leaf litter in which an
average of 128 and 144 mgC g™ tissue were lost as DOC
in ambient and elevated CO, (P =0.059), respectively. As
soluble sugars comprised 86.1mgg™" of initial litter, the
large loss of C as DOC was largely due to the leaching of
this highly labile material. Interestingly, large amounts of
‘recalcitrant’” condensed tannins may also have been lost
at this time, as concentrations dropped from an average
60mgg " to less than 10mgg™' by the time of the first
harvest. Leaching of soluble polyphenolics (tannins) in
nature has been documented (Suberkropp etal. 1976;
Schofield etal. 1998), and this might partially explain the
tea-brown colour we observed in the initial extracts.
Additionally, condensed tannins may complex strongly
with carbohydrates and have varying solubility in
alkaline aqueous solutions, depending on pH (Porter
1992). It is also possible that some of the reduction in
condensed tannins was a consequence of drying the

decomposed samples at 35°C after each harvest
(Lindroth & Koss 1996). However, the progressive
decline in condensed tannins during the incubation does
indicate that at least some fraction was subject to
microbial degradation. Similar patterns of loss have been
observed in decomposing pine litter (Tiarks etal. 1992).
The marginal significance of the growth CO, effect on
initial DOC concentrations suggests that the effect of
elevated CO, on decomposition may occur during the
short-lived, but large pulse of labile C in the soil profile
leached from freshly senesced foliage (Meyer & Tate
1983). The amount of microbially respired C remained
relatively high up to Day 60, but then declined as most of
the starch and soluble sugars in the leaf litter had been
consumed. Even though microbial respiration accounted
for almost all C lost after Day 40, by the end of the
experiment the total amount of C lost as DOC was still
3.6 times greater than the total respired as CO, (138 mg
vs. 38 mg, respectively).

A common response in a series of similar experiments
at UMBS is consistently higher C/N ratios in foliage
grown at elevated CO, and low N availability (Curtis
etal. 1995 (calculated); Pregitzer etal. 1995; Mansfield
etal. 1999). This pattern continued in the current study
(albeit in reduced form) and, remarkably, persisted
through the entire course of the incubation. We believe
this is a direct result of strong microbial control over C
and N dynamics in the decomposing tissue, N and C
being lost from the samples in more or less constant
proportions. Higher C/N ratio was the most consistently
significant response of tissue chemistry to elevated CO,
and suggests there are long-term changes to tissue
chemistry induced by growth under elevated CO,, but
these may not necessarily alter rates of decomposition.
Nitrogen concentrations declined a total of 69% and
exhibited the three-stage pattern of initial leaching loss,
then accumulation, followed by a final release phase
(Berg & Staaf 1981). This pattern of N loss was
accelerated compared to many field studies (Bockheim
etal. 1991, King etal. 1997b; Taylor 1998) and was
probably a result of the lack of fungal hyphae importing
N from a surrounding soil volume. In addition, the high
N content of the initial substrate may have minimized
microbial demand for exogenous N.

Conclusions

Conclusions arrived at in this study must be tempered by
the realization that the litter was produced under highly
controlled conditions, and the laboratory incubations
were far removed from litter decomposing on the forest
floor. However, we found little evidence to suggest that
the rate of microbial metabolism in decomposing leaf
litter will be reduced in a future, high-CO, world. If
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discrepancies in the literature are indicative of species-
specific responses, the agreement between our results
and those of previous studies suggests that the decom-
position of Populus leaf litter will not be affected. The
major change in Populus litter chemistry under elevated
CO, was a minor, but significant, increase in C/N ratio
when plants were grown under conditions of low N
availability. Elevated CO, did result in significantly more
labile C being leached from litter samples, but effects on
the dynamics of more recalcitrant C and N were minimal
under the experimental conditions, even though small
differences in C/N persisted throughout the course of
decomposition. Finally, concentrations of condensed
tannins in aspen litter did not appear to be affected by
elevated atmospheric CO,, suggesting that predictions of
the Carbon Nutrient Balance Hypothesis may not be
directly extended to litter; a hypothesis we feel deserves
further investigation.
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