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Abstract
This study investigated simultaneous plant and soil feedbacks on growth enhancement
with elevated [CO2] within microcosms of yellow birch (Betula alleghaniensis Britt.) in
the second year of growth. Understanding the integrated responses of model ecosystems
may provide key insight into the potential net nutrient feedbacks on [CO2] growth
enhancements in temperate forests. We measured the net biomass production, C:N ratios,
root architecture, and mycorrhizal responses of yellow birch, in situ rates gross nitrogen
mineralization and the partitioning of available NH14 between yellow birch and soil
microbes. Elevated atmospheric [CO2] resulted in significant alterations in the cycling
of N within the microcosms. Plant C/N ratios were significantly increased, gross
mineralization and NH14 consumption rates were decreased, and relative microbial
uptake of NH14 was increased, representing a suite of N cycling negative feedbacks on
N availability. However, increased C/N ratios may also be a mechanism which allows
plants to maintain higher growth with a constant or reduced N supply. Total plant N
content was increased with elevated [CO2], suggesting that yellow birch had successfully
increased their ability to acquire nutrients during the first year of growth. However,
plant uptake rates of NH14 had decreased in the second year. This discrepancy implies
that, in this study, nitrogen uptake showed a trend through ontogeny of decreasing
enhancement under elevated [CO2]. The reduced N mineralization and relatively
increased N immobilization are a potential feedback which may drive this ontogenetic
trend. This study has demonstrated the importance of using an integrated approach to
exploring potential nutrient-cycling feedbacks in elevated [CO2].
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Introduction
Recent theoretical and empirical analyses have demonstrated that the terrestrial biosphere, especially temperate
and boreal forests, is a large sink for atmospheric [CO2]
(Tans et al. 1990; Wofsy et al. 1993; Ciais et al. 1995; Tans
et al. 1995; Goulden et al. 1996). This carbon sequestration
may act to slow the rate of future rises in atmospheric
[CO2] levels and thus partially ameliorate the greenhouse
effect (Woodwell & Mackenzie 1995). The mechanisms
whereby temperate forest ecosystems are able to sequester
as much carbon as they do are not well understood, but
the primary factors seem to be forest regrowth (Kauppi
et al. 1992) and fertilization by anthropogenic N inputs
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(Peterson & Melillo 1985; Schindler & Bayley 1993;
Townsend et al. 1996). Predictions of the future capacity
of forests to sequester carbon with increasing concentrations of [CO2] in the atmosphere remain tentative. Currently the evidence that increases in atmospheric [CO2]
levels since pre-industrial times have resulted in increased
forest productivity is inconclusive (LaMarche et al. 1984;
Kienast & Luxmoore 1988). Several recent reviews have
suggested that the intrinsic capacity for forest ecosystems
to increase biomass production in elevated [CO2] is high
(Poorter 1993; Ceulemans & Mousseau 1994; Wullschleger
et al. 1995). However, several models and experiments
have raised serious concerns about whether high growth
enhancements in elevated [CO2] will be realized due to
ecosystem-level feedbacks which may reduce nutrient
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supply and thus constrain actual growth enhancement
(reviewed in Schimel 1995).
The hypothesized feedbacks which may constrain longterm growth enhancement all rest on the common
assumption that increased growth under elevated [CO2]
is driven by increases in carbon assimilation (Berntson &
Bazzaz, in press). Greater productivity itself can place a
limitation on [CO2] growth enhancement due to the
stoichiometry of carbon and N within plant biomass, soil
organic matter (SOM), and detritus (Comins & McMurtrie
1993; Comins 1994; McMurtrie & Comins 1996). Experimental evidence in support of this hypothesis is rare and
inconsistent. Dı́az et al. (1993) found that elevated [CO2]
resulted in increased microbial population sizes, thereby
resulting in a reduction in the amount of available N to
plants. In contrast, Zak et al. (1993) found that elevated
atmospheric [CO2] increased microbial biomass in the
rhizosphere of Populus tremuloides and this increase was
accompanied with an increase in net N mineralization
rates.
Nutrient feedbacks on enhanced growth in an elevated
[CO2] world are not restricted to SOM and soil microbes.
Higher plant carbon to nitrogen ratios (C/N) typically
lead to slower decomposition rates (Melillo et al. 1982;
Aber et al. 1990). A few studies have experimentally
verified this pattern in elevated [CO2] environments
(Boerner & Rebbeck 1995; Cotrufo & Ineson 1995; but see
Coûteaux et al. 1991; O’Neill & Norby 1996). Increases in
plant C/N may result in a negative feedback on N
availability through reduced mineralization rates. However, increases in C/N ratios can also be viewed as a
mechanism whereby plants are able to maintain a given
NPP with a lower or equivalent supply of nutrients
(higher nutrient use efficiency, NUE; Vitousek 1982;
Sheriff et al. 1995). Several studies have also shown that
elevated [CO2] can lead to alterations in the architecture
of plant root systems (Berntson & Woodward 1992;
Rogers et al. 1992) and increases in mycorrhizal symbiosis,
especially ectomycorrhizae (reviewed in O’Neill 1994).
These changes in root growth and mycorrhizal symbioses
may represent important mechanisms of increased soil
exploration potential (Berntson 1994; Yanai et al. 1995).
Additionally, ectomycorrhizae may allow plants to
directly utilize SOM nitrogen through ectomycorrhizal
production of extracellular enzymes (Maijala et al. 1991;
Bending & Read 1995). Overall, the direct effects of
elevated [CO2] on plant growth patterns may themselves
represent important mechanisms which maintain sustained growth enhancement in elevated [CO2].
Current experimental data on integrated, whole-system
level feedbacks on and mechanisms of sustained growth
enhancement under elevated [CO2] are inconclusive.
Studies which have attempted to identify plant- and
microbially mediated feedbacks have focused on a rela-

tively narrow subset of possible feedbacks. For example,
previous studies have not simultaneously examined in
situ mineralization rates and the partitioning of available
N between plants and soil microbes (Dı́az et al. 1993; Zak
et al. 1993). To directly demonstrate that altered microbial
activity – mineralization and immobilization – with elevated [CO2] leads to a negative feedback, it is critical that
we simultaneously examine these processes.
The goal of this study is to explore these processes
within microcosms of yellow birch (Betula alleghaniensis
Britt.) during the second year of growth in both ambient
and elevated [CO2]. We chose this experimental system
for several reasons. First, due to climatic change and
subsequent potential impacts on current forests, regeneration may be a critically important component of forest
ecosystem responses to global change (Bazzaz 1990;
Bazzaz et al. 1996). Studying model systems of regenerating tree saplings can provide valuable insight into this
important regeneration stage. Secondly, temperate forest
ecosystems represent an important sink for atmospheric
[CO2] (see references above). Knowledge of potential
feedbacks on future growth responses to elevated [CO2]
is critical for predicting future carbon sink potential
in these systems. Third, yellow birch is a significant
component of northern temperate hardwood ecosystems
(Harlow et al. 1979; Erdmann 1990). For these reasons,
our microcosms of regenerating yellow birch may provide
valuable insight into the potential nutrient feedbacks on
[CO2] growth enhancement in temperate forests. In this
study we measured the net biomass production and plant
tissue composition of yellow birch microcosms, in situ
gross rates of N mineralization and the partitioning of
available NH14 between yellow birch and soil microbes.

Materials and methods
Plant preparation, planting design and growth
conditions
Seeds of yellow birch were collected from three separate
trees in the Prospect Hill tract of the NSF LTER site,
Harvard Forest, Petersham, MA. Seeds were germinated
in a vermiculite: peat: sand mixture and transplanted to
the microcosms when they were 2–3 cm tall and had 3–
4 leaves (mid March 1993). Only seedlings of equal size
were transplanted. Within each tub a total of 54 seedlings
were planted resulting in a density of 150 plants m–2.
Microcosms consisted of large tubs (0.75 3 0.5 3 0.25 m,
94 L) which contained O (Oe 1 Oa) and mineral forest
soil. The top 10–15 cm of each tub contained a forest
floor material (excluding litter) including fine roots. Forest
floor material was collected from a 100 m2 area within
the Prospect Hill Tract of the Harvard Forest NSF LTER
Site and thoroughly homogenized (removing rocks
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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. 0.5 cm diameter and roots . 1 mm diameter). The
bottom 15 cm of each tub was lined with a mineral soil
(A 1 B horizons) and coarse sand (1:1) mixture to provide
adequate drainage below the O layer. Soil at this site is
a brown podzolic of the Charlton series (well drained,
sandy loam; Lyford et al. 1963; Allen 1995). In total, there
were 12 tubs. Each tub was used as a replicate microcosm.
During the growing season these tubs were distributed
within six controlled environment glasshouses. Half of
the glasshouse modules were maintained at ambient
[CO2] (µ375 ppm) and the other half at elevated [CO2]
(700 ppm). Adjacent ambient/elevated [CO2] glasshouse
modules were treated as blocks (four replicate microcosms per block). The tubs received natural light. Day/
night temperatures were maintained at 26°/19 °C with a
13-h day until the beginning of September (1993). At this
time day/night temperatures were slowly ramped down
to simulate the onset of autumn and harden off the plants
for winter. At the end of the first growing season (1993),
when . 90% of leaves had senesced (November), the
tubs were moved to an outside garden and placed in
trenches for the remaining winter months. Tubs were
placed in the trenches so that their soil surface was even
with the external soil surface, and soil was filled in
around the outside of each tub to equalize soil temperatures between the inside and outside of the tubs. The
tubs were brought back into the glasshouses at the first
sign of bud swelling in 1994 (early March). Fibreglass
dividers were inserted through the forest floor material
to divide each tub into two halves with equal soil surface
area and equal numbers of plants.
15N

application

After canopy closure (mid May), we injected highly
enriched (98 atom percentage enrichment, Cambridge
Isotope Laboratories, Andover, MA) 15N-NH4Cl into the
tubs. 204 one-mL injections of 2.5 mmol 15N labelled
solutions were injected into each tub. We selected this
level of 15N-NH41 because it represented only 25% of
ambient NH14 levels measured in the field (Aber et al.
1993). We explored the use of a 15N-NO–3 label for
quantifying fluxes of NO–3, but extremely low levels of
NO–3, which are typical of measurements in the field
(Aber et al. 1993), precluded reliable measurement of
NO3– pool sizes and 15N tracer recovery. The injection
system we used consisted of 12 one mL syringes which
had been mounted on a sliding rack. The syringe cylinders
were attached to one half of the rack and the plungers
to the other. This design allowed all 12 syringes to be
filled and emptied simultaneously. To each syringe we
attached 7.62 cm long 22 gauge stainless steel hypodermic
needles (Popper and Sons, New Hyde Park, NY, USA)
which allowed us to inject to a depth of 7 cm into the O
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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layer. While injecting into the soil, the syringe plungers
remained in a fixed location while the needles were
pulled through the soil and the solution was evenly
distributed vertically through the soil.

Measurements of soil NH14
Soil samples were collected from the O horizon prior to
(Pre), immediately after (Ti, within 15 min) and 2 days
after injection (Tf). Between 6 and 12 soil cores measuring
0.5 3 8.5 cm were taken from each tub half at each
sampling. For each sample type, taken from a given tub
(pre, Ti, and Tf), all the cores were pooled into a single
sample. Soil pH was measured in suspensions of 2 g airdried soil in 20 mL of deionized water (Hendershot et al.
1993). Soil samples were extracted in 200 mL 0.5 M K2SO4
(Brookes et al. 1985; Davidson et al. 1989). Samples were
placed on a shaker for 24 h prior to filtration to remove
soil debris and frozen for storage. Concentrations of NH14
in the soil extracts were determined using a Lachat
QuickChem AE auto analyser. NH14 was measured using
a modified Berthelot reaction with phenol (Maynard &
Kalra 1993).
The level of 15N enrichment (atom percentage enrichment) for the NH14 recovered in the soil extracts was
determined by sequential diffusion to 0.625 cm diameter
pre-combusted glass fibre filters (Gelman AETM) with
20 µL 2 M H2SO4 (Sørensen & Jensen 1991). To volatilize
the NH14, 0.25 g MgO was added to the extracts (70–
90 mL) at the beginning of the diffusion period which
lasted for 10 days. Solutions were kept in air-tight urine
specimen containers during the diffusion period. To
ensure that the MgO was sufficiently mixed within the
K2SO4 extracts, acid washed boiling chips were added
and the specimen containers were swirled by hand two
times a day. Glass fibre filters were dried in a desiccator
which contained a concentrated H2SO4 trap to remove
contamination by atmospheric ammonia. Blanks consisted of glass fibre filters with 20 µL 2 M H2SO4 which
were placed in the desiccator with the samples. Determination of the total N content and 15N content of the
glass fibre filters was done using a Europa elemental
analyser (model ANCA-sl) attached to a Europa model
20–20 Stable Isotope Analyser via a capillary interface
(Europa Instruments, England). The diffusions recovered
103 6 3% of the N-NH14 within the solutions.

Microbial N content
An estimate of soil microbial biomass was determined
by chloroform fumigation (Jenkinson & Powlson 1976)
of soil samples followed by direct extraction in 0.5 M
K2SO4 (Brookes et al. 1985; Davidson et al. 1989). We
selected this method of estimated microbial biomass
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because it allowed us to determine the amount of 15N
tracer incorporated into the microbial biomass pool.
Chloroform-extractable N was determined only on the Tf
soil samples. For each Tf sample, half of the sample was
directly extracted in K2SO4, and the other half was
fumigated with chloroform. Total-N and atom percentage
enrichment in the K2SO4 solutions were determined preand post-chloroform fumigation extractions. No Kn or
Kc factors were used to estimated microbial N or carbon
values. Measurement of carbon, N and 15N content in
the K2SO4 solutions was performed using the Europa
ANCA-sl and 20–20 stable isotope analyser. Dehydrated
K2SO4 solutions to which no soil had been added were
used as blanks. To maximize the amount of solution
which could be processed, the K2SO4 solutions were
dehydrated by placing them in a drying oven for 24 h at
75 °C. 100–125 mg samples of the dehydrated K2SO4 were
then processed using the Europa ANCA-sl and Stable
Isotope Analyser described above. To obtain maximum
resolution when processing these samples an offset O2
injection was used, providing resolution down to 0.5 µmol
N (Owens & Rees 1989). Excess atom percentage enrichment 15N for microbial biomass (15N immobilized by
microbes) was calculated as atom percentage enrichment
15N in excess of the natural abundance of 15N (0.3665%).

Plant harvesting, mycorrhizal assessments and root
architecture
After the 2 day incubation with the 15N tracer, each
microcosm was harvested and all the plant material
carefully collected. At the start of harvest, all plant stems
were cut approximately one cm above the soil surface.
The roots of every plant were carefully washed from the
soil by placing the entire soil block in a tub of water, and
then carefully disentangling and removing the roots by
hand. It was inevitable that some of the fine roots were
lost during this procedure, but care was taken to keep
each root system as intact as possible. Entire root systems
were wrapped in a moist paper towel, placed in an air
tight plastic bag (with all the air removed) and frozen
prior to root morphological and mycorrhizal measurements. Above-ground plant material was separated into
leaves and stems and oven dried for 96 h at 70 °C and
weighed to the nearest mg.
To characterize root morphology and mycorrhizal status, we made detailed measurements on subsamples of
the fine roots of 20–24 individuals from each microcosm.
Fine roots were defined as roots , 0.5 mm in diameter
which showed no clear signs of secondary growth or
lignification. Woody roots consisted of those with clear
secondary growth and lignification. When taking the root
subsamples, µ 300 root tips from each sampled individual
plant were examined for a total of 6000–7200 root tips

per microcosm. For each subsample, the total number of
root tips the total number of root tips with a mycorrhizal
sheath were counted under a dissecting microscope. Root
tips which were broken or dead were not included in
these counts. Once the root tips had been counted, each
subsample was laid out in a petri dish with µ 2 mm of
water to minimize overlap of individual roots and
scanned into a computer as 8-bit greyscale images at
118.1 pixels cm–1. From these images total root length
and average diameter of the fine root subsample were
calculated using the procedures and algorithms proposed
by Pan & Bolton (1991). From all of these measurements
made on the fine root subsamples the following parameters were derived for each microcosm: percentage
mycorrhizal root tips, root diameter, specific root length
(SRL, m g–1) and specific root number (SRN, number of
root tips g–1). Total fine root length and number of root
tips for each species within a given microcosm were
derived by multiplying SRL and SRN by fine root mass.
After taking the fine root subsamples, fine roots were
separated from the woody roots after air drying. Similar
criteria were used to separate fine roots from woody
roots for air dried samples of tree root systems. One of
the more convenient characteristics which allowed us to
rapidly separate the fine roots from the woody roots is
that the fine roots would disintegrate (fall apart) when
rubbed between the fingers, the lignified woody roots
did not. Total root surface area (for the fine roots)
was calculated by assuming roots were cylindrical and
multiplying total root length by π times diameter. Total
number of mycorrhizal root tips was calculated by multiplying total number of root tips by percentage mycorrhizal root tips.
Total-N and 15N atom percentage enrichment for
ground plant material were measured using the same
procedure as for the glass fibre filters used in the diffusions and dehydrated K2SO4 solutions. Excess 15N atom
percentage enrichment for the plant material (At%p-excess)
was calculated as the difference between plant samples
following the 15N application and plant samples (leaves)
collected prior to injection. Leaves, stems, woody roots
and fine roots were separated and determination of
carbon and N content made using a Europa ANCA-sl
Elemental Analyser. All C/N ratios reported herein are
molar C/N ratios (moles carbon per mole N).

N immobilization, uptake, and mineralization
calculations
To estimate the gross rate of mineralization (M) and NH14
consumption from the soil pool (C), we used pool dilution
calculations. Application of pool dilution equations
requires that several assumptions be made. A complete
review of these assumptions is beyond the scope of this
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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paper, but is discussed in detail elsewhere (Davidson
et al. 1991; Wessel & Tietema 1992; Knowles & Blackburn
1993; Schimel 1993). We used Wessel & Tietema’s (1992)
formulation of Blackburn’s (1979) isotope dilution equations for calculating M and C. We assumed that natural
abundance of 15N-NH14 in the soil solution was equal to
the natural abundance of 15N (0.3665%). We calculated
plant (CP) and soil microbial (CM) NH14 consumption
rates by partitioning C on the basis of the relative amount
of tracer recovered in the plant and soil microbial biomass
in excess of natural abundance (Berntson 1996). We used
this method for calculating plant and microbial NH14
consumption rates in order to provide a balanced set of
N flux estimates. Alternative methods, such as mean
tracer pool abundance estimates (Barraclough 1991;
Barraclough 1991; Davidson et al. 1991), can lead to
results which are inconsistent with pool dilution estimates
(Berntson 1996). To characterize plant uptake rates in
relation to biomass production and root architecture, we
derived specific NH14 uptake rates (SNU). Six different
SNU indices were derived by dividing CP by total plant
biomass, fine root biomass, root length, root surface area,
number of root tips, and number of mycorrhizal root tips.

Statistical analysis
Data were analysed with analysis of variance (ANOVA).
Blocks (adjacent pairs of ambient and elevated [CO2]
glasshouse modules) were treated as fixed factors, and
the [CO2], block, and [CO2] by block interaction terms
were tested with the residual mean square as the denominator (Data Desk v4.2, Velleman 1994). For each ANOVA,
assumptions of normality and homoscedasticity were
tested using a combination of normal probability plots
of residuals. When necessary, variables were log transformed to improve compliance with assumptions of
normality and homoscedasticity.

Results
Plant growth responses to elevated [CO2]
Total plant biomass within each tub increased with
elevated [CO2] by an average of 14% (Table 1), though
this increase was not statistically significant at P , 0.05.
Despite significant increases in C/N ratios, increases in
plant biomass were accompanied by a significant increase
in the total amount of N in plant tissue (Table 1).
Allocation of biomass to roots was marginally increased
in elevated [CO2] (P , 0.10), but the amount of fine root
biomass relative to woody root biomass was not affected
by elevated [CO2] (Table 1). Fine root morphology (root
diameter, specific root length, and specific root number)
were not significantly changed by elevated [CO2]. Total
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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fine root mass, root length and root surface area were all
significantly increased with elevated [CO2], though the
number of root tips was not. The single largest belowground response was with ectomycorrhizae. The percentage of root tips which were colonized and the total
number of colonized root tips showed large increases
which were highly significant (Table 1).
The C/N ratios of plant organs were significantly
increased by elevated [CO2] only for leaves and fine roots
(Table 2). These increases in leaves and fine roots were
by 12% and 6%, respectively. Stems and woody roots,
the organs which showed the overall highest C/N ratios,
showed no significant changes with elevated [CO2].
Whole plant C/N ratios showed a marginally significant
(P , 0.10) increase of 6.6% (Table 2).

Nitrogen cycling
Levels of extractable NH14 within the soil prior to the
injection of the 15N solutions were not different for the
two [CO2] levels (Figs 1 and 2). Changes in pool sizes
from time i to f were not significantly different from zero
(P 5 0.54). Soil NH14 levels were 25–50% of those typically
observed in the field (Aber et al. 1993). The total recovery
(in the soil NH14, plant, and chloroform-extractable
microbe pools) of 15N was about 45% of the total amount
of tracer applied for both ambient and elevated [CO2]. It
is likely that large size and ‘open system’ design of the
soil monoliths (O layer lying directly on the sand/mineral
soil which was not measured) contributed a large fraction
of this loss. Given that the loss was equal between
the [CO2] treatments, this suggests that a mechanism(s)
common to both experimental treatments and therefore
is not likely to have biased the 15N treatment comparisons.
Elevated [CO2] resulted in no significant change in
chloroform-extractable microbial biomass-N, but a marginally significant increase in total plant N (Figs 1 and
2). From the pool dilution calculations, elevated [CO2]
resulted in a decrease in M which was only nearly
significant (P 5 0.12) and a significant decrease in C
(Figs 1 and 2). Soil pH averaged 3.86 with a standard
error of 0.05. CM decreased with elevated [CO2], corresponding to the decrease in C, but this reduction was not
statistically significant (P 5 0.33) due to fairly large
variation in 15N M. In contrast, CP showed a significant
decrease with elevated [CO2]. Thus, the reduction in C
in elevated [CO2] was associated with a greater reduction
in CP than in CM.

Plant specific N uptake rates
The increases in plant biomass and root architectural
measures with elevated [CO2] (Table 1) in conjunction
with decreases in CP (Figs 1 and 2) led to large decreases
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Table 1 Yellow birch NPP, allocation patterns, root size, architecture, and mycorrhizal infection. P, probability that null hypothesis
(ambient CO2 5 elevated CO2). ER, enhancement ratio (elevated CO2/ambient CO2 average).
Ambient CO2

Elevated CO2

Variable

Units

Average

SE

Average

SE

P

ER

Plant biomass
Total plant nitrogen

g m–2
g m–2

338
2.72

21
0.11

386
2.96

21
0.11

0.145
0.075

1.14
1.09

Root/shoot mass
Fine/woody root mass

–
–

0.39
0.80

0.01
0.04

0.41
0.79

0.01
0.05

0.073
0.823

1.05
0.99

Fine root mass

g m–2
m–2

57.8

4.7

69.1

4.7

0.043

1.19

Root length
Root surface area
#Root tips
#Mycorrhizal root tips

km
m2 m–2
M m–2
M m–2

11.00
6.22
3.44
1.36

1.05
0.57
0.34
0.22

12.78
7.16
4.05
2.46

1.05
0.57
0.34
0.22

0.051
0.052
0.123
0.000

1.16
1.15
1.18
1.81

Mycorrhizal root tips
Root diameter
Specific root length
Specific root number

% Colonization
µm
cm mg–2
K g–1

39%
0.18
18.9
59.4

3%
0.00
0.6
2.4

61%
0.18
18.4
58.5

3%
0.00
0.6
2.4

0.000
0.500
0.457
0.853

1.56
0.99
0.97
0.98

Table 2 Molar C/N ratios for entire NPP (whole plant) and
separate plant organs. P, probability that null hypothesis
(ambient CO2 5 elevated CO2). ER, enhancement ratio (elevated
CO2/ambient CO2 average).

Total
Leaves
Stem
Fine roots
Woody roots

Ambient CO2

Elevated CO2

Average SE

Average SE

P

ER

65.2
44.3
125.9
35.1
124.9

69.5
49.7
122.7
37.3
113.1

0.096
0.000
0.555
0.015
0.259

1.07
1.12
0.97
1.06
0.91

1.3
1.1
3.7
0.8
5.6

2.1
1.2
4.2
1.2
6.5

in SNU (Table 3). These decreases were least apparent in
relation to biomass, as the magnitude (as estimated by
the ratio of elevated to ambient [CO2] means and the
level of significance) of [CO2] enhancement on biomass
was less than for fine root mass and root architectural
measures. The single greatest decrease in SNU was for
the total number of mycorrhizal root tips due to the large
increase in mycorrhizal infection rates in elevated [CO2].

Discussion
Negative feedbacks
Within this study, we found several plant and microbial
responses which may represent potentially important
negative feedbacks on [CO2]-induced growth enhancement. These responses to elevated [CO2] include increases
in the C/N ratios of leaf and fine root material, reductions
in situ mineralization (M) and consumption rates (C),

Fig. 1 Diagramatic representation of the measured nitrogen
pools and fluxes within the experimental microcosms. Rectangles
represents pools of nitrogen. Each arrow represents a flux of
nitrogen between pools. All pool sizes are given in mg N m–2.
All fluxes are given in mg N m–2 d–1. The values given for every
pool and flux term are averages 6 a single standard error of the
mean. The oval in the bottom right of each sub-figure gives the
total recovery of the applied 15N label in the pools included in
the figure at the end of the experiment relative to the amount
of label added. (a) shows the results for the replicate soil
microcosms/monoliths in ambient (375 ppm) [CO2]. (b) shows
the results for the replicate soil microcosms/monoliths in
elevated (700 ppm) [CO2].

and increased NH14 microbial uptake rates (CM) relative
to plant uptake rates (CP).
The significant increase in C/N ratios for leaves and fine
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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Fig. 2 Diagrammatic representation of the effects of elevated CO2
on nitrogen pools and fluxes within experimental micrcosms. See
Fig. 1 for a description of the layout of the figure. The values
associated with each pool and flux term are ratios of elevated
over ambient [CO2] means from Fig. 1. An asterisk is added to
a [CO2] enhancement ratio to indicate the level of significance
between CO2 levels (**P , 0.05, *P , 0.10 ).

roots (Table 2) represents a potential negative feedback. In
this relatively short study, the input of organic carbon to
the soil from plant biomass is most likely to have come
from the leaf and fine root pools which can show high
turnover within period less than a year (Waring &
Schlesinger 1986; Berntson et al. 1995). The increases in
C/N ratios we observed with elevated [CO2] may have
been the mechanism behind our decrease decomposition
rates (Boerner & Rebbeck 1995; Cotrufo & Ineson 1995).
However, several researchers have suggested that elevated [CO2] may lead to transitory or non-significant
reductions in decomposition rates (Coûteaux et al. 1991;
O’Neill & Norby 1996). Uncertainties about predicting
decomposition rates in elevated [CO2] stem primarily
from three sources. First, plant-derived detritus which
decomposes in natural ecosystems has usually senesced
naturally. The studies which have observed decreases in
decomposition rates of plant material associated with
elevated C/N ratios have typically studied fresh, not
senesced plant material. If the net effects of retranslocation
of nutrients prior to senescence equalizes C/N ratios,
then we might not expect alterations in decomposition
rates (O’Neill & Norby 1996). Second, short-term reductions in decomposition rates are likely the result of
increases in C/N ratios due to increased non-structural
carbohydrates rather than increases in structural components (lignin, holocellulose) which are more resistant to
decay (Melillo et al. 1989; Aber et al. 1990). Third, biotic
and abiotic factors can play a critically important role in
determining decomposition rates. Changes in soil biota,
soil moisture, and temperature which may be indirectly
altered through global change may represent controls
over decomposition rates which are more important that
small but statistically significant changes in tissue quality
or decomposition rates in ‘ambient’ environments (O’Neill 1994; O’Neill & Norby 1996). These caveats aside, our
measurements of in situ gross NH14 transformation rates
within the soil provide us with additional evidence in
support of the role increased C/N ratios of plant material.
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While not highly statistically significant, there was a clear
trend toward decreasing gross M in elevated [CO2]. In
addition to altered chemistry of above- and below ground
derived litter, it is also possible that changes in the
chemistry and quantity of root exudates could have also
played a role in altering observed mineralization rates
(Whipps 1985; Norby et al. 1987; Rouhier et al. 1994).
In addition, C was significantly reduced while soil NH14
levels (standing and net changes) were not significantly
affected by elevated [CO2]. Thus, the in situ rate of N
cycling within our microcosms was significantly reduced
in the second year of exposure to elevated [CO2]. Our
observations of reduced N cycling within the soil do not
allow us to infer whether changes in carbon loss through
decomposition were significantly affected. It has been
clearly established that changes in N and carbon fluxes
associated with decomposition are not identical. Within
the first few months to years of decomposition N is
typically immobilized by decaying litter and the extent
(duration and magnitude) of immobilization tends to be
greater when carbon, lignin and/or holocellulose to N
ratios are high (Aber & Melillo 1982; Melillo et al. 1982;
Melillo et al. 1983; Melillo et al. 1989; Taylor et al. 1989;
Aber et al. 1990). Thus, it is possible that the reduced N
cycling we observed was temporally disconnected from
changes in carbon (or mass) loss from decomposing
material. This observation is important because reductions in N cycling rates, independent of changes in rates
of carbon loss through decomposition, may place a
constraint on maximum biomass production through
nutrient limitation.
Along with the overall reduction in C, CM and CP
showed reductions with elevated [CO2]. However, the
relative magnitude of reduction in CM was not as great
as C or CP, nor was it a statistically significant decrease,
due to the greater amount of 15N recovered in chloroformextractable microbial biomass than in plant biomass. This
observation is counter to the predictions of Dı́az et al.
(1993) and Zak et al. (1993) who predicted greater microbial biomass and activity with the increased plant-derived
carbon inputs into the soil in elevated [CO2]. It is possible
that the increased C/N ratios led to a N limitation
which constrained maximum microbial growth and N
immobilization. In contrast, CP was significantly reduced
in elevated [CO2]. Thus, while elevated [CO2] reduced
overall gross consumption rates from the NH14 pool, these
reductions were greater for plants than soil microbes.
The observed reduction in CP was accompanied by a
marginally significant increase in the total amount of N
in plant biomass, even with increases in C/N ratios.
Several studies have documented transitory enhancements in plant growth in elevated [CO2] (Bazzaz et al.
1993), which may be driven by factors including artificial
limitations imposed by small growth containers (Thomas
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Table 3 Plant nitrogen uptake rates (CP) and specific nitrogen (SNU) in yellow birch in relation to root size, architecture, and
mycorrhizal infection for both NH14 and NO–3. P, probability that null hypothesis (ambient CO2 5 elevated CO2). er, enhancement ratio
(elevated CO2/ambient CO2 average).
Ambient CO2

Elevated CO2

Units

Average

SE

Average

SE

P

ER

CP

mg N m–2 day–1

42.3

16.4

18.1

6.1

0.020

0.43

Total biomass
Fine root mass
Root length
Root surface area
Root tips
Mycorrhizal root tips

mg
mg
mg
mg
mg
mg

0.019
0.080
0.38
0.70
1.2
1.8

0.148
0.072
0.056
0.059
0.070
0.040

0.41
0.38
0.40
0.40
0.39
0.32

NH14

SNU
SNU
SNU
SNU
SNU
SNU

N
N
N
N
N
N

g–1 day–1
g–1 day–1
km–1 day–1
m–2 day–1
M day–1
M day–1

0.124
0.680
3.41
6.10
10.9
24.5

& Strain 1991; but see McConnaughay et al. 1993), or
plant ontogeny (Coleman et al. 1993). The greater total
plant N content we observed implies that average net N
uptake was greater over the full duration of the study.
However, our measurements of CP during a short period
during the second year of growth show decreased uptake
rates. This discrepancy implies that, in this study, N
uptake shows a trend through ontogeny of decreasing
enhancement under elevated [CO2]. If this pattern continues or is maintained, future reductions in NH14 consumption and therefore negative feedbacks on future
plant growth enhancement in elevated [CO2] are possible.

Positive feedbacks and mechanisms of sustained growth
enhancement
We observed two distinct plant-mediated potential positive feedbacks on and mechanisms of sustained growth
enhancement under elevated [CO2] that may be particularly important when the supply of N is limited. First is
the increased C/N ratio of plant material. From the
perspective of inputs into SOM, this increase represents
a negative feedback via nutrient supply. However, from
the perspective of plant growth, this alteration in tissue
composition represents an increase in resource or nutrient
use efficiency (NUE or RUE, Vitousek 1982; Sheriff et al.
1995) which means that plants can maintain or increase
total biomass production even when N uptake is
unchanged or possibly even decreased.
Second, the increase in plant fine root biomass, root
architectural measures, and especially mycorrhizal symbiosis in elevated [CO2] represents a potential positive
feedback on sustained growth enhancement (Table 1).
O’Neill and colleagues (O’Neill et al. 1987; O’Neill &
Norby 1988; O’Neill et al. 1991; O’Neill 1994) have suggested that increases in mycorrhizal infection (especially
ectomycorrhizae) under elevated [CO2] represent a potentially critical mechanism whereby plants may increase

0.043
0.211
0.93
1.71
3.1
5.4

0.050
0.260
1.36
2.44
4.3
7.8

their ability to acquire soil resources. Increases in mycorrhizal infection can lead to significant increases in the
capacity of resource acquisition even in the absence of
changes in root architecture or physiology (Yanai et al.
1995). The increases in fine root mass and length, and
surface area may have further increased the capacity of
roots to forage within the soil. For the microcosms of
yellow birch which we studied, increases in mycorrhizal
symbiosis were the most dramatic alteration which may
have increased plant capacity for nutrient acquisition
under elevated [CO2].
The potential increase in nutrient capture which we
might have expected with the changes in root architecture
and increases in ectomycorrhizal colonization did not
take place. Instead, we observed decreases in whole plant
NH14 uptake rates (CP). Thus, when we look at specific
nutrient uptake rates, they show quite large decreases
under elevated [CO2] (Table 3). This is especially the case
for the rate of NH14 for a given number of mycorrhizal
root tips, where we saw the ratio of elevated [CO2] to
ambient [CO2] means of only 0.32. Without having directly estimated uptake rates, we would have expected
that the yellow birch would have shown increases in
NH14 acquisition. The significant reductions in CP and
SNU suggest that controls of N supply and availability
within the soil which may be more important than
potential changes in plant growth form and mycorrhizal
symbioses.

Plant–microbe interactions
The ability of microbes to compete for soil inorganic N is
strongly linked to the supply of labile organic compounds
from plants (Riha et al. 1986). This dependency makes it
difficult to make a priori predictions on the expected
behaviour of heterotrophic competition for N with plants
under elevated [CO2]. We know that net biomass production under elevated [CO2] is enhanced (for a reviews see
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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Bazzaz 1990 and Poorter 1993). Also, there is growing
evidence of enhanced continuous input of plant-derived
SOM through exudation and root turnover (Norby et al.
1987; van Veen et al. 1991; Billès et al. 1993; Pregitzer et al.
1995; Berntson 1996). This increase in supply of organic
carbon into the soil could result in an increase in the
size and or activity of the microbial population thereby
increasing the relative competitive ability of soil microbes,
as was observed by Dı́az et al. (1993). However, increases
in soil microbial populations may result in increases in
decomposition rates, thereby increasing the supply of
nutrients to both plants and soil microbes (Zak et al.
1993). However, it is also possible that plant derived
SOM in elevated [CO2] atmospheres will be of poorer
quality, thereby resulting in reduced rates of utilization
by microbes as well as decomposition rates (see above,
Hobbie & Melillo 1984), so that the increased input of
plant detritus to the soil could have no net effect on
microbial populations. Thus, if we look at the increased
supply of carbon to the soil on an absolute basis we may
overestimate the potential carbon reserves which can
be utilized by microbes and thus their altered role in
immobilizing/supplying nutrients. Furthermore, changes
in the size and architecture of plant root systems (Berntson
& Woodward 1992; Berntson 1994) and increases in the
level of mycorrhizal infection (reviewed in O’Neill 1994;
Ineichen et al. 1995) which have been documented with
increasing [CO2] levels may result in plants which are
better able to compete for available N. In this study, we
found preliminary evidence that plant uptake was more
strongly negatively affected by elevated [CO2] than was
microbial uptake. This represents a shift in rates of NH14
uptake in favour of the soil microbes.

Caveats on extrapolation
The results derived from this study should be viewed as
indicators of the potential for feedbacks on future forest
productivity in elevated [CO2] environments. This study
was carried out with microcosms of forest soil, planted
with a high density of yellow birch, and maintained in
controlled environments in ambient or approximately
double ambient atmospheric [CO2] concentrations for just
over a year. The results of this study suggest that rising
levels of atmospheric [CO2] concentrations can lead to
simultaneous changes in plant growth, mycorrhizal associations, and N cycling. Together, the contrasting potential
positive and negative feedbacks appear to be outweighed
by reduction in N cycling rates. This suggests that
reductions in N availability may over-ride the increased
capacity for nutrient acquisition by plants through
changes in root architecture and mycorrhizal associations.
To assess this onset of N limitation, future studies should
place an emphasis on documenting how instantaneous
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 247–258
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gross fluxes of N within the soil lead to changes in
various plant and soil pool sizes through time. The
possibility of whether the results we have documented
here will be observed in future forest ecosystems in an
elevated [CO2] environment depends on several factors
which this study has not directly examined. These factors
include the potential for other components of environmental change (N deposition, climatic change), changes
in forest cover and in species composition, and ontogeny
of plant (seedlings and saplings vs. mature trees) and
soil responses.
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