P2 New

L . Phyrologist

Research

Elevated CO, and nitrogen supply alter leaf
longevity of grassland species

Joseph M. Craine! and Peter B. Reich?

'Deparment of Integrative Biology, University of California Berkeley, Berkeley, CA 94720, USA; 2Department of Forest Resources, University of Minnesota,

St. Paul, MN 55108 USA

Author for correspondence:

Joseph M. Craine

Tel: +(612) 434 5131

Fax: +(612) 434 7361

Email: jcraine@socrates.berkeley.edu

Received: 27 July 2000
Accepted: 37 January 2001

Summary

¢ The longevity of green leaf area for 10 grassland species was measured to establish
whether elevated CO, and N fertilization alter leaf longevity, an important determinant
of ecosystem leaf area and ecosystem carbon gain.

e Plants were selected from monocultures in their second year of growth in a field
experiment that directly manipulated atmospheric CO, (550 ppm and ambient) and
nitrogen fertilization (4 g N m™2 and ambient). Leaves were censused biweekly over
a 4-month period.

e Leaf longevity increased under elevated CO, (+3.4 d, P =0.03) and decreased
under elevated N (-4.2 d, P = 0.03). Leaf longevity increased under elevated CO,
for C, species only; there was no change in leaf longevity of C, species under elevated
CO,. Forboth CO, and N, changes in leaf longevity were congruent with expectations
based on observed changes in N cycling.

* In addition to supplies of resources such as CO, and N, site fertility and the develop-
ment of ecoystem feedbacks appear to be important in determining leaf longevity.

Key words: Atmospheric CO,, Cedar Creek Natural History Area, grasslands, leaf
longevity, N fertilization.
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Introduction

CO, and N supplies to ecosystems are increasing worldwide
(Vitousek ez al., 1997; Koch & Mooney, 1996). Mechanistic
understanding of the responses of ecosystems to changes in
resource supplies requires mechanistic understanding of eco-
system C and N cycles. Although many plant traits affect C
and N cycles in an ecosystem, leaf longevity has a central role
in determining litterfall, standing biomass, and net primary
productivity (NPP). For example, increases in leaf longevity
could increase the carbon gain of individual leaves (assuming
no other changes in factors that affect leaf carbon gain) and
therefore increase stand NPP. Changes in CO, and N supplies
to grasslands have the potential to alter leaf longevity and
therefore key ecosystem properties, yet data on grassland leaf
longevity and its responses to changes in resource supplies are
scarce (Craine ez al.,, 1999; Knapp ez al., 1999).

In general, greater leaf CO, economy and shoot growth
typically lead to shorter leaf life-span (Reich, 1998). At the leaf
level, photosynthetic rate under light-saturated conditions,
specific leaf area (SLA), and leaf tissue N concentration are
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negatively associated with leaf longevity among species (Reich
et al., 1997). Under most situations, leaf longevity is also
negatively associated with nutrient supplies (Shaver, 1983),
light availability (Reich, 1995; Reich ez al.,, 1995), and more
favourable temperatures and related microenvironmental
factors (Schoettle, 1990).

These data can be used to predict the effects of N and
CO, in grasslands. As increased N supply should also lead
to increases in photosynthesis and leaf N concentrations, we
hypothesize that leaf longevity for grassland species decreases
with increases in N supply. Elevated CO, can have many
direct and indirect effects on plant and ecosystem parameters
that could lead to either increases or decreases in leaf longev-
ity. Elevated CO, typically increases photosynthetic rates and
plant growth rates (Koch & Mooney, 1996; Curtis & Wang,
1998), which would presumably be associated with decreases
in leaf longevity. Yet, elevated CO, generally decreases tissue
N concentration and SLA (Curtis, 1996; Norby ez al., 1999;
Roumet ez al., 1999), which are associated with greater leaf
longevity. Elevated CO, also leads to decreased transpiration
and higher soil moisture (Jackson ez /., 1998; Knapp, 1993)
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and therefore more favourable plant water status (Knapp
et al., 1999) which could increase leaf longevity if drought has
led to accelerated senescence. Alternatively, the increases in
soil moisture and plant water status could decrease longevity
if the primary effect is to increase photosynthetic rates. The
few studies that have examined leaf longevity and senescence
on grasses have generally shown no effect of elevated CO, on
leaf longevity, or longevity was greater under elevated CO,
(Curtis et al., 1989; Knapp ez al., 1999; Navas ez al., 1999).
Due to the multiple effects of elevated CO, on plant and eco-
system functioning, there is currently no clear prediction for
the response of leaf longevity to elevated CO,. For both N and
CO,, responses may depend on the functional characteristics
of species (e.g. C; vs C, photosynthetic pathways) and there
is a need to examine the responses of many species to increases
in CO, and N supplies.

We measured the longevity of leaf area of 10 herbaceous
species that were grown in two-year-old monocultures exposed
to elevated CO, and N supplies in a factorial manner. We
employed techniques modified from Craine e# 2l (1999) in
order to determine the longevity of green leaf area, rather than
entire leaves. This eliminates potential bias in longevity that is
due to differences in life-span among leaves of different sizes
for an individual and provides data that are more amenable to
use in ecosystem models. We also compare the data on leaf
area longevity for 7 of the 10 species with previously collected
leaflongevity data from nearby older monocultures on a lower
fertility site. For these two data sets, we examine associated leaf,
whole-plant and ecosystem measures to better understand the
nature of variation in among species and experiments.

Materials and Methods

BioCON design

We addressed issues of the response of leaf area longevity to
changes in CO, and N supplies in a subset of monoculture plots
for 10 species of a larger study of elevated CO,, N fertilization,
and decreases in biodiversity (the BioCON experiment, Reich
et al., 2001). Each plotis 2 m X 2 m, situated on low-N, sandy
soils, and distributed among six 20-m diameter experimental
areas (rings). Each monoculture is replicated twice at two
factorial levels of N and CO, supplies. Monocultures were
planted in 1997 with 12 g m™2 of seed. Throughout the 1998
growing season, three rings were exposed to ambient atmo-
spheric CO, concentrations and three to elevated CO, using
the free-air CO, enrichment system (Lewin ez af., 1994). In the
three elevated CO, rings, sufficient CO, was added during
daylight hours to maintain the atmosphere at 550 pmol CO,
mol™!; the three ambient rings were treated identically but
without the additional CO,. Half of the plots were amended
with 4gNm™yr™" in the form of NH,NO, applied over
three dates. CO, treatment began in April, 1998 and the first
N treatment began in May 1998.
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Leaf longevity was measured in monocultures of 10
species: 4 C3 grasses (Agropyron repens, Bromus inermis, Koeleria
cristata, and Poa pratensis), 4 C, grasses (Andropogon gerardi,
Bouteloua gracilis, Schizachyrium scoparium, and Sorghastrum
nutans) and 2 C; forbs (Achillea millefolium and Solidago
rigida) with similar census techniques as Craine ez al. (1999).
Leaf longevity was determined on three randomly chosen
individual plants in each plot. A grass individual was defined
as a set of leaves that appeared to share the same basal meristem;
a forb individual was defined as those leaves that shared the
same stem emerging from the ground. Plants were first censused
on day 139 of 1998 (May 19) and recensused every 2 wk until
day 258 of 1998 (September 15). This period represents
the majority of the growing season for the 10 species we
sampled. Leaves that had been damaged by herbivory or other
factors were removed from the data set. Individual plants that
had died were replaced by new plants. Less than 5% of the
individuals were replaced and < 2% of all leaves were excluded
from the analysis due to damage.

For forbs, for each census date, if a leaf was judged to be
approx. fully expanded, the date was recorded as the ‘birth’
date, a numbered 1 X 2 cm paper tag was attached at the base
of the leaf with floss, and the maximum width and length of
the leaf recorded. We estimate that, on average, expansion of
forb leaves required ¢. 2 wk. During the census, the maximum
width and length of previously tagged leaves were recorded,
previously marked leaves were classified as being green or
senesced, and new leaves tagged and measured. All leaves that
were present at the beginning of the experiment or subsequently
produced on the selected individual during the census period
were tagged and quantified in this manner.

New grass leaves were marked at the base of the leaf with a
permanent marker to uniquely identify each leaf on an indi-
vidual plant that had been demarcated with its own tag. There
was no observed difference between the longevity of marked
leaves in comparison to unmarked leaves on adjacent plants.
With each census date, the average width of the leaf, the total
length of the leaf and the length of the senesced portion of the
leaf were recorded. The senesced length was determined as the
leaf length from the leaf tip to the interface of the green non-
senescent tissue and the brown, senescent tissue. If the senes-
cence was noncontinuous, the total senescence length was
measured in an according manner.

After leaves were measured, the corresponding areas of the
leaves or sections of leaves were determined. For each grass
leaf, the green and senesced areas were determined as the
product of the width of the grass leaf and the length of the
green or senesced portion of the leaf. For each forb species, we
developed an allometric equation that predicts leaf area from
length and maximum width. 12-19 leaves of various sizes
from each of the four ambient CO, plots of each forb species
were collected in September, 1999. Subsequently, the length,
maximum width, and area were determined for each leaf. Leaf
area was determined with a Li-Cor LI-3000 Leaf Area Meter
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(Li-Cor Inc., Lincoln NE). For each species, a stepwise regres-
sion model was run for leaf area with length, width, and the
squares of both measures. For Solidago rigida, the equation
for predicting area was: =0.22 + 0.075 Length? + 1.3 Width?
(#*=0.99). For A. millefolium, the equation for predicting
area was: 0.043 +0.011 Length? + 0.60 Width? (> = 0.91).
N treatment was not found to affect the relationships between
area and length or width.

The calculations that we used to determine the longevity
of an average unit of leaf area were derived from Craine ez 4l.
(1999). The new calculations reflect using leaf area as a stand-
ard unit to compare species instead of individual leaves for
forbs or leaf length for grasses and eliminate any bias that
might be associated with an individual’s leaves of different
sizes having different life-spans. In brief, the total leaf area that
was both born and senesced in a plot over the census period
and data on the dates of the censuses are used to calculate the
total number of days lived by all the leaf area (leaf area-days)
both born and senesced during the period. Division of the
leaf area-days of all the leaves in a plot by the area of the leaves
that had been both born and senesced during the census
period gives the average longevity of the leaf area that had
been both born and senesced during the census period.
This calculation of the longevity of leaf area represents an
average longevity over the census period, but does not
compare longevity at different times of the year that may be
associated with seasonal or ontogenetic differences among
species.

Using data on the total leaf area present at each census,
determining leaf area longevity first required determining the
total number of leaf area-days that had been both born and
senesced during the census using the following equation:
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(% first census date; j, last census date; A , cumulative leaf area
observed or produced by census date 7 A4 ,;, cumulative leaf
area observed or produced by the census following census
n S, cuamulative leaf area senesced by census date 7 S ,;,
cumulative leaf area senesced by the census following census
n; k, time interval between census 7 and 7 + 1; 7, the date
at which the amount of leaf area senesced is equivalent to the
amount of leaf area at the first census (§ = A4,); and 7, the date
at which the cumulative leaf area is equal to the amount of leaf
area senesced by the last census date (4= S]))

The first two parts of the equation represent the total
number of leaf area-days for all leaves tracked during the
census, which is calculated as the difference between the
total number of leaf area-days for total (Eqn 1a, Fig. 1a) and
senesced leaves (Eqn 1b, Fig. 1b) and is equivalent to the area
between the curves for the census period used. The second
part of the equation (Eqn Ic, Fig. 1¢) represents the number
of leaf-days for leaves that may have been present at the
beginning of the census period, but should not be included in
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Fig. 1 Calculation of leaf area longevity of a species. Curve A (squares) represents the cumulative amount of leaf area (green or senesced) that
was observed over the entire census period (Eqn 1a). Curve B (triangles) represents the cumulative amount of senesced leaf area over the entire
census period (Eqn 1b). The areas under the curves are the total number of days that leaf area was green or senesced (Area under A) or the
total number of days that leaf area was senesced (Area under B). The difference between these two curves represents the total number of leaf
area-days for unsenesced leaves. Area C represents the total number of leaf area-days for leaves that were present at the beginning of the census
(date of birth unknown) (Eqn 1c). Area D represents the total number of leaf area days for leaves that did not senesce during the census period
(date of death unknown) (Eqn 1d). Subtracting Areas C and D from the area between Curves A and B provides the total number of leaf area
days for leaves that were both born and senesced within the census period (Area E). Dividing Area E by the total area of leaves in Area E (the
height of E) provides the estimate of leaf area longevity, equivalent to the average horizontal distance of Area E. Also represented are the first
(n;) and last () census dates and the interpolated ‘census dates' n, and n; (see text for details).
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the determination of leaf area longevity as the date of birth of
the leaf area was unknown and hence leaf area longevity could
not be determined. The third part of the equation (Eqn 1d,
Fig. 1d) represents the number of leaf area-days for leaves that
had not senesced by the end of the census period. Similarly,
this leaf area should not be included in the calculations of
leaf area longevity as it is unknown when this leaf area would
have senesced. These two quantities are subtracted from the
total number of leaf area-days to provide the total number of
leaf area-days for only those leaves that were both produced
and senesced within the census period (Fig. le). Leaf area
longevity is equivalent to the average horizontal distance
between the two curves and was calculated by dividing the
censused leaf area-days for which birth and death dates are
known (Eqn la—d) by the total amount of leaf area that was
born and senesced during the census (A; — A). The dates 7,
and 7, were calculated by linear interpolation based on the
relevant census measures and dates. All analyses were computed
with JMP vs 3.2.2 (SAS Institute, Cary, NC, USA).

For each species, average leaf area longevity and the stand-
ard errors of the means were computed with plots serving as
replicates for a species. As an index of the total amount of leaf
area that we sampled for a species, we also have provided the
mean and standard error of leaf area sampled per individual
that had both been produced and senesced during the census
period. The average leaf area longevity and leaf area sampled
were also calculated for all species at each level of CO, and
each N level. Differences in leaf area longevity and leaf area
among species and treatments were determined with a linear
regression model. Leaf area longevity was modelled with an
additive general regression model that included the functional
group of the species, the identity of the species (nested within
functional group), the CO, treatment category, the N treat-
ment category, the interaction between CO, and N treatment
categories, and the interactions between functional group
identity and both CO, and N treatments. Due to the few
number of replicates for each species at each factorial combina-
tion, we did not test for species-specific responses to elevated
CO, or N (i.e. no CO, * species or N * species interactions).

In 5-yr-old monocultures (Cedar Creek LTER experiment
E111), we had measured leaf longevity for 7 species that were
also measured in the BioCON study (A. repens, A. gerardii, K.
cristata, P pratensis, S. scoparium, S. rigida, and S. nutans) using
equivalent techniques (Craine ez al.,, 1999). Soils in the 5-
yr-old monocultures had similar amounts of soil N 0—-20 cm
(0.063%), but less soil C 0—20 cm (0.47 vs, 0.57% for Bio-
CON) (D. A. Wedin, unpublished; P. B. Reich, unpublished).
Even after 5 yr, biomass was much less in E111 than BioCON
(Table 2), indicating much lower productivity in E111 than
BioCON. We also compare average leaf percentage N (P B. Reich,
unpublished), root biomass, mid-June extractable NO;7, and
N mineralization rate mid-June to mid-July (Reich ezal,
2001) for the 7 species from BioCON and the 5-yr-old mono-
cultures ( J. M. Craine, unpublished) with #tests and correlations.
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To examine the relationship of leaf longevity and these 4
measures among the 7 species in BioCON we ran a principal
components analysis with the BioCON data and examined
the loadings of these measures on the first axis.

Results

On average ¢. 20 cm? of leaf area was sampled per individual
(Table 1). In general, variation in leaf area for a species was
related to the size of individual leaves, not the total number of
leaves sampled (data not shown). Fertilization increased leaf
area production by 30%, while elevated CO, did not lead to
any change in leaf area production (Table 2).

The average leaf area longevity for species ranged from
36.1 d (A. millefolium) t0 63.9 d (S. rigida) (Table 1). Among
functional groups, the average leaf area longevity of forbs was
50.0d, C; grasses 55.6 d, and C, grasses 42.4 d (Table 1). The
statistical model of leaf area longevity explained 68% of the
total variation in leaf area longevity among samples. Together,
functional group identity and the species identity explained
most of the variation (Table 2) with each explaining a similar

Table 1 Mean (+ SE) longevity of a unit of leaf area and leaf area
production per individual over the measurement period and also
means across functional groups

n Longevity (d)  Area (cm?)
Forb 50.0+2.5 22.0+25
Achillea millefolium 8 36.1+55 10211
Solidago rigida 8 63944 33.8+6.8
G, grass 55.6 1.8 15.1+£1.8
Agropyron repens 8 575+3.6 24.1+42
Bromus inermis 8 59.8+2.2 244+4.4
Koeleria cristata 8 425x34 63+14
Poa pratensis 8 62.6+3.2 58+1.0
C, grass 42418 225+1.9
Andropogon gerardii 8 37.1+28 37.2+438
Bouteloua gracilis 7  310x14 6.2+0.7
Schizachyrium scoparium 8 433409 12.8+1.6
Sorghastrum nutans 7 583+2.7 33.2+45
Co,
Ambient CO, 40 475+23 205+2.6
Elevated CO, 38 513%25 182+24
Nitrogen
Ambient nitrogen 40 513+25 16.9+2.4
Elevated nitrogen 38 472+24 22025
CO, * Functional
C, grass (ambient) 16 53.4+24 16.0+2.5
C; grass (elevated) 16 57324 14325
C, grass (ambient) 16 43324 23.0£25
C, grass (elevated) 14 413 +2.6 215+2.7
C; forb (ambient) 8 429z%34 247 £35
C; forb (elevated) 8 571+34 19.3+£35

Least squares means are included for the functional groups at the
different CO, levels, but not for nitrogen treatment as the interaction
between functional group and nitrogen treatment was not significant
for either leaf longevity or leaf area production.
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Table 2 Results of the model that predicts leaf longevity

Longevity Area

F ratio Prob > F F ratio Prob > F
Fxnl 14.5 <0.001 4.6 0.01
Species[Fxnl] 12.1 <0.001 14.3 <0.001
Co, 5.1 0.03 1.4 0.23
Nitrogen 4.8 0.03 5.0 0.03
CO, * Nitrogen 0.0 0.99 0.1 0.79
CO, * Fxnl 37 0.03 0.2 0.79
N * Fxnl 0.9 0.40 23 0.1

Predictor variables include functional group (Fxnl), species identity
nested within functional group, CO, treatment, N treatment, and
the interaction between CO, and N. For leaf longevity, r? = 0.68.

For leaf area, r?2 = 0.67.

amount of variation. Leaf area longevity increased under
elevated CO, (+3.4 d, P=0.03) and decreased under elevated
N (=4.2 d, P=0.03). The interaction between functional
group identity and CO, was significant (Table 2) with C,
forbs showing the greatest increase in leaf area longevity, C,
grasses a moderate increase in leaf area longevity and no
increase in leaf area longevity for C, grasses.

Analysis of data from the older monocultures grown on
the lower fertility soil of E111 reveals the need to understand
better the role of site fertility and species traits in determining
not only leaf longevity but other plant and ecosystem properties.
For ease of discussion, when comparing the two experiments
we'll refer to both leaf area longevity of BioCON and the leaf
longevity of E111 as leaf longevity. Leaf longevity was lower
in BioCON than in E111 (£<0.01) while leaf N concentra-
tions (< 0.001), root biomass (< 0.001), extractable soil
NO;™ (P<0.2), and N mineralization rates (< 0.01) were
higher (Table 3). A PCA of these 5 traits as measured on the
seven species in BioCON show that correlations among these
traits in BioCON were similar to the other experiment (Table 3).
Species that had high leaf longevity had low leaf N concentra-
tions, high root biomass, and low rates of N mineralization
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Fig. 2 N concentrations and leaf longevity of 7 species of herbaceous
grassland species that were both measured in 2-yr-old, higher soil

N monocultures of BioCON (closed circles) and 5-yr-old, lower soil
N monocultures of J. M. Craine et al. (unpublished) (closed squares).
Lines connect individual species between experiments. Species

are denoted with a two-letter abbreviation that refers to the

generic and specific epithets. Abbreviations: Kc, Koeleria cristata;
Ag, Andropogon gerardii; Ss, Schizachyrium scoparium; Sn,
Sorghastrum nutans; Sr, Solidago rigida; Ar, Agropyron repens;

Pp, Poa pratensis.

(J. M. Craine et 4l., unpublished), yet the rankings of species
in the two experiments were different. There was no correla-
tion between the two experiments in leaf longevity or leaf N
concentrations of individual species (Table 3, Fig. 2). More-
over, there was a negative correlation between the two experi-
ments in root biomass and the rates of N mineralization
(Table 3) such that species that maintained the highest
biomass and had the lowest rates of N mineralization after 5 yr
on less productive soils, had the smallest standing biomass and
highest rates of N mineralization in BioCON.

Table 3 Results of the principal components analysis of five plant and ecosystem parameters of seven species for which leaf longevity was
measured in both the 5-yr-old monocultures grown on low-N soil (E111) and the BioCON experiment

BioCON - Correlation PCA:
BioCON E111 E111 coefficient BioCON

Leaf longevity (d) 522 +41 76.4+6.3 —24.2%* 0.02 0.45

Leaf percentageN 1.80+0.10 1.08 £0.09 0.71%** -0.39 -0.44

Root biomass (g m™2) 766 £ 127 144 + 31 622.1%** -0.75* 0.53

Soil [NO;7] 0.18 £0.04 0.10 £0.03 0.074 -0.44 0.32(mg g™ dry soil)
Soil N mineralization 4.62 £0.87 1.28 £0.29 3.33** -0.85* -0.47

(gNm™

Differences between the two experiments were tested with t-tests and the relationship of species values between the two experiments with

pairwise correlations (*P < 0.05, **P < 0.01, ***P < 0.001).
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Discussion

All other things equal, the increase in leaf longevity due to
elevated CO, would lead to greater ecosystem carbon gain,
assuming the leaves maintained positive net photosynthesis
over the additional period. Conversely, the decrease in leaf
longevity due to N fertilization would lead to lower ecosystem
carbon gain. Yet, CO, and N enrichment altered more leaf
traits than longevity. The ability to scale leaf level properties
to ecosystem carbon gain and productivity will require not
only determining if and how CO, and N affect leaf longevity,
but also how they affect ecosystem leaf area production and
photosynthetic rates.

For example, N fertilization increased the leaf area produced
by a plant over the census period and leaf photosynthetic
rates (Reich ez al., 2001 see pp. 000—000 in this issue), which
together may offset the decreases in leaf longevity that would
lead to lower ecosystem carbon gain. Elevated CO, did not
affect the leaf area production for a plant, yet increased photo-
synthetic rates (Reich ez al, 2001), which should reinforce
the increases in leaf longevity for ecosystem carbon gain.
Although leaf longevity is an important component of eco-
system processes, additional measurements of the onset and
cessation of leaf area production and plant demography would
be necessary to more reliably model the determinants of leaf
area and ecosystem carbon gain.

The comparisons between BioCON and the older mono-
cultures show the importance of ecosystem processes, as well
as differences in the development of feedbacks to ecosystem
processes in understanding leaf longevity. As such, understand-
ing the increases in leaf longevity with elevated CO, and the
decrease in leaf longevity with elevated N requires examining
the effects of increased CO, and N supplies on ecosystem
processes as well as direct ecophysiological effects on leaf
longevity.

N fertilization changed leaf-level and ecosystem properties
in a manner that are associated with lower leaf longevity.
Photosynthetic rates, whole plant N concentrations, extractable
NO;~ and N mineralization all increased (Reich ez 2/, 2001),
each associated with greater C economy of leaves and more
rapid cycling of biomass and N. Still more work is necessary
to understand the relationships among plant and ecosystem
variables in order to understand which parameters most influ-
ence leaf area longevity and the role of leaf area longevity in
determining important ecosystem parameters.

In BioCON, it appears that increases in leaf area longevity
with elevated CO, were more congruent with declines in N
mineralization and availability than changes in other leaf traits.
Elevated CO, increased photosynthesis (Lee ez al., 2001 see
pp- 000—000 in this issue), which is generally associated with
lower leaf longevity. Elevated CO, did not alter SLA (Reich,
unpublished), but did decrease whole plant N concentrations,
extractable NO;~ and N mineralization (Reich ez a/, 2001),
which are generally associated with greater leaf longevity.
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Leaf area longevity was increased by elevated CO,, but only
for C, species. In another experiment, the leaf longevity of
the C, grass A. gerardiiincreased under elevated CO, in open-
top chambers exposed to elevated CO, where precipitation
was restricted (Knapp ez al, 1999). Differences in the responses
of leaf area longevity for C, grasses to elevated CO, may be
associated with the degree of water stress and may be more
responsive in drier years in this experiment. More work is
necessary to understand the degree to which elevated CO,
affects vegetation through changes in the N and/or water
cycles (Hungate ez al., 1997) and how N and water availabil-
ity affects plant traits such as tissue longevity.

The CO, response should not have been biased by pre-
enrichment legacies of individual leaves. None of the leaves
that we sampled were produced before the elevated CO,
treatment began and leaves should have turned over 1.9
(P pratensis, S. rigida) to 3.9 times (B. gracilis) in a 120-d grow-
ing season. Although the N treatment was applied gradually,
we were able to detect both greater leaf area production and
decreases in leaf area longevity under elevated N. These effects
may become stronger over time as different components of the
ecosystem respond at different rates and the feedbacks from
CO, or N to leaf longevity may take longer than a growing
season manifest, especially as N accumulates in the system.

In both the BioCON experiment and the 5-yr-old
monocultures, there were clear differences among species in
leaf longevity. Variation in leaf longevity among species in
BioCON appears to reflect differences in growth rates with an
N supply that is higher than that in the E111 experiment. In
BioCON, it appears that species that grew the largest and
fastest added more biomass to the decomposition cycle,
increasing N immobilization by microbes faster and thereby
decreasing N supply to plants. These plants were the ones that
had the least biomass and decreased N mineralization rates the
least in the less-fertile, older monocultures of E111. Although
it has been stated that species growing in low-nutrient habitats
have characteristics that reinforce low-nutrient availability
(Hobbie, 1992), the development and the degree of trait
differences need to be better examined. Leaf longevity appears
to be determined at least in part by the N supply rates and
therefore can be altered greatly by plant feedbacks to N
cycling.

In all, it appears that comparisons of leaf longevity among
species and ecosystems can not be understood without under-
standing nutrient cycling and species-specific development of
plant-feedbacks to nutrient cycles. Responses to elevated CO,
were species-specific and more congruent with changes in N
cycling and leaf N than from the increase in photosynthetic
rate. Due to the multiple pathways by which elevated CO,
and N affect plant and ecosystem properties, better under-
standing of plant traits, such as leaf longevity, requires more
mechanistic research that integrates for different species the
direct effects of elevated CO, on leaf properties with effects on
plant and ecosystem carbon, nitrogen, and water economy.

www.newphytologist.com © New Phytologist (2001) 150: 397403



New
Phytologist

Acknowledgements

We would like to thank the numerous interns that helped
maintain this experiment and were involved in collecting
the data on leaf longevity. Two anonymous reviewers provided
careful and thoughtful comments. JMC was supported by
a NASA Earth Systems Fellowship and a NSF graduate
fellowship. Core support for this project was provided by
Environmental Sciences Division, Department of Energy,
USA and additional support was provided by NSF grant
9411972.

References

Craine JM, Berin DM, Reich PB, Tilman DG, Knops JMH. 1999.
Measurement of leaf longevity of 14 species of grasses and forbs using
a novel approach. New Phytologist 142: 475-481.

Curtis PS. 1996. A meta-analysis of leaf gas exchange and nitrogen in trees
grown under elevated carbon dioxide. Plant, Cell & Environment 19:
127-137.

Curtis PS, Drake BG, Whigham DF. 1989. Nitrogen and carbon dynamics
in C; and C; estuarine marsh plant growth under elevated carbon dioxide
in situ. Oecologia 78: 297-301.

Curtis PS, Wang X. 1998. A meta-analysis of elevated CO, effects on woody
plant mass, form, and physiology. Oecologia 113: 299-313.

Hobbie SE. 1992. Effects of plant species on nutrient cycling. Trends in
Ecology and Evolution7: 336—339.

Hungate BA, Chapin FSI, Zhong H, Holland EA, Field CB. 1997.
Stimulation of grassland nitrogen cycling under carbon dioxide
enrichment. Oecologia 109: 149-153.

Jackson RB, Sala OE, Paruelo JM, Mooney HA. 1998. Ecosystem water
fluxes for two grasslands in elevated CO,: a modeling analysis. Oecologia
113: 537-546.

Knapp AK. 1993. Gas exchange dynamics in C; and C; grasses:
consequences of differences in stomatal conductance. Ecology 74:
113-123.

Knapp AK, Bargmann N, Maragni LA, McAllister CA, Bremer DJ,
Ham JM, Owensby CE. 1999. Elevated CO, and leaf longevity in the
C, grassland-dominant Andropogon gerardii. International Journal of
Plant Sciences 160: 1057-1061.

© New Phytologist (2001) 150: 397-403 www.newphytologist.com

Research " 403

Koch GW, Mooney HA. 1996. Carbon dioxide and terrestrial ecosystems. San
Diego, CA, USA: Academic Press.

Lewin KF, Hendrey GR, Nagy J, LaMorte R. 1994. Design and application
of free-air carbon dioxide enrichment facility. Agricultural and Forest
Meteorology 70: 15—29.

Navas M-L, Garnier E, Austin MP, Gifford RM. 1999. Effect of
competition on the responses of grasses and legumes to elevated
atmospheric CO, along a nitrogen gradient: differences between isolated
plants, monocultures and multi-species mixtures. New Phytologist 143:
323-331.

Norby RJ, Wullschleger SD, Gunderson CA, Johnson DW, Ceulemans R.
1999. Tree responses to rising CO, in field experiments: Implications for
the future forest. Plant, Cell & Environment 22: 683-714.

Reich PB. 1995. Phenology of tropical forests: patterns, causes, and
consequences. Canadian Journal of Botany 73: 164—174.

Reich PB. 1998. Variation among plant species in leaf turnover rates and
associated traits: implications for growth at all life stages. In: Lambers H,
Poorter H, Vuuren MMV, eds. Inberent variation in plant growth. Leiden,
The Netherlands: Backhuys Publishers, 467-487.

Reich PB, Knops J, Tilman D, Craine J, Ellsworth D, Tjoelker M, Lee T,
Wedin D, Naeem S, Bahauddin D, Hendrey G, Jose S, Wrage K,
Goth ], Bengston W. 2001. Plant diversity enhances ecosystem responses
to elevated CO, and nitrogen enrichment. Nazure. (In press.)

Reich PB, Koike T, Gower ST, Schoettle AW. 1995. Causes and
consequences of variation in conifer leaflife span. In: Smith WK, Hinckley
TM, eds. Ecophysiology of coniferous forests San Diego, CA, USA: Academic
Press, 225-254.

Reich PB, Walters MB, Ellsworth DS. 1997. From tropics to tundra: global
convergence in plant functioning. Proceedings of the National Academy of
Sciences, USA 94: 13730-13734.

Roumet C, Laurent G, Roy J. 1999. Leaf structure and chemical
composition as affected by elevated CO,: Genotypic responses of
two perennial grasses. New Phytologist 143: 73—81.

Schoettle AW. 1990. The interaction between leaf longevity and shoot
growth and foliar biomass per shoot in Pinus contorta at two elevations.
Tree Physiology 7: 209—214.

Shaver GR. 1983. Mineral nutrition and leaf longevity in Ledum palustre:
the role of individual nutrients and the timing of leaf mortality. Oecologia
56: 160-165.

Vitousek PM, Aber JD, Howarth RH, Likens GE, Matson PA,

Schindler DW, Schlesinger WH, Tilman DG. 1997. Human
alteration of the global nitrogen cycle: Source and consequences.

Ecological Applications7: 737-750.



