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Abstract. In this paper we compare measurements of photosynthesis and carbon isotope
discrimination characteristics among plants from three mature boreal forest types (Black
spruce, Jack pine, and aspen) in order to help explain variation in ecosystem-level gas
exchange processes. Measurements were made at the southern study area (SSA) and
northern study area (NSA) of the boreal forest in central Canada as part of the Boreal
Ecosystem-Atmosphere Study (BOREAS). In both the NSA and the SSA there were
significant differences in photosynthesis among the major tree species, with aspen having
the highest CO, assimilation rates and spruce the lowest. Within a species, photosynthetic
rates in the SSA were approximately twice those measured in the NSA, and this was
correlated with similar variations in stomatal conductance. Calculations of the ratio of leaf
intercellular to ambient CO, concentration (c;/c,) from leaf carbon isotope discrimination
(A) values indicated a relatively low degree of stomatal limitation of photosynthesis,
despite the low absolute values of stomatal conductance in these boreal tree species.
Within each ecosystem, leaf A values were strongly correlated with life-form groups (trees,
shrubs, forbs, and mosses), and these differences are maintained between years. Although

we observed significant variation in the '*C content of tree rings at the old Jack pine site
in the NSA during the past decade (indicating interannual variation in the degree of
stomatal limitation), changes in summer precipitation and temperature accounted for only
44% of the isotopic variance. We scaled leaf-level processes to the ecosystem level
through analyses of well-mixed canopy air. On average, all three forest types had similar
ecosystem-level A values (average value * standard deviation, 19.1%0 * 0.5%o0),
calculated from measurements of change in the concentration and carbon isotope ratio of
atmospheric CO, during a diurnal cycle within a forest canopy. However, there were
seasonal changes in ecosystem discrimination for aspen forests, while the evergreen
conifer forests exhibited relatively constant discrimination values throughout the active

growing season.

1. Introduction

The terrestrial biosphere plays a major role in affecting
global aspects of climate. Anthropogenic changes in the com-
position of our atmosphere have the potential to alter physio-
logical responses of terrestrial vegetation with subsequent
feedback effects on our global climate system [Sellers et al.,
1996]. In order to analyze ecosystem function and vegetation-
atmosphere interactions in the context of predicting response
to global change, it is necessary to have models of ecosystem
function based on a mechanistic understanding of the under-
lying processes of exchange with the atmosphere [Jarvis, 1995].
However, in making approaches to upscaling, it is usually not
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possible to integrate all the component processes and species
into ecosystem models because of the consequent complexity.
Rather, it is necessary to focus on important synthetic proper-
ties that are understood in a precise manner at one scale, but
which can also be extended to larger spatial and temporal
scales without loss of information [Field and Ehleringer, 1993].

One approach to dealing with the diversity apparent in na-
ture is to classify vegetation into categories based on their
functional properties [Chapin, 1993; Dawson and Chapin, 1993;
Smith et al., 1993; Korner, 1994; Jarvis, 1995]. For example,
characteristics that describe energy balance properties, water-
use efficiency, and aerodynamic coupling between leaves and
the atmosphere can be used to classify world vegetation into
categories that behave in similar ways during interactions with
the atmosphere [Jarvis, 1995]. Similar interactions with the
atmosphere may occur in two examples of a particular func-
tional type of vegetation, despite wide differences in taxonomic
affinities of their component species.

There are a number of possible functional characteristics that
can be used to describe and predict vegetation-atmosphere
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interactions. Obviously, the photosynthetic gas exchange char-
acteristics, net CO, assimilation, and stomatal conductance
rates of the vegetation are important. However, gas exchange
measurements are often taken only during short periods of
time and therefore are of limited utility in obtaining informa-
tion about the longer-term functioning of plants and ecosys-
tems. We suggest that the measurement and analysis of carbon
isotope ratios of leaf, tree ring, and atmospheric CO, samples
can provide synthetic information that integrates important
plant functional characteristics spatially and temporally. For
example, measurement of the carbon isotope ratio of leaf tis-
sue provides an assimilation-weighted average of the ratio of
intercellular (¢;) to ambient CO, concentration (c,) [Far-
quhar et al., 1982, 1989]. This ratio (c,/c,) is important because
it is primarily a function of photosynthetic capacity and stoma-
tal conductance. Photosynthetic capacity refers to the physio-
logical and biochemical characteristics of a leaf that determine
its ability to fix carbon dioxide. For example, leaves with dif-
ferent photosynthetic capacity have different maximum CO,
assimilation rates observed under saturating light intensity and
moderate temperature and humidity conditions. Since the leaf
carbon isotope ratio provides information about photosyn-
thetic gas exchange processes integrated over the whole life of
the leaf, it is particularly useful for examining interactions
among a variety of physiological and environmental factors
affecting CO, assimilation. There are a number of important
leaf physiological characteristics such as water-use efficiency
(ratio of net CO, assimilation and transpiration) [Farquhar et
al., 1989], stomatal limitation of photosynthesis [Farquhar and
Sharkey, 1982; Jones, 1992], optimal stomatal behavior [Cowan
and Farquhar, 1977], and leaf nitrogen-use efficiency (ratio of
net CO, assimilation and leaf nitrogen content) [Field et al.,
1983] that are all directly related to the value of leaf intercel-
lular CO, concentration. In addition, several recent studies
have documented how variations in environmental conditions
cause changes in the ratio of photosynthetic capacity to sto-
matal conductance and associated changes in leaf 8*>C values
[Farquhar et al., 1989; Ehleringer et al., 1993]. Leaf carbon
isotope ratios are particularly useful therefore for examining
subtle differences among species or environmental conditions
that are difficult to separate using standard gas exchange tech-
niques. The analysis of tree-ring carbon isotope ratios in-
creases the period of temporal integration and allows the study
of historical changes in the ratio of photosynthetic capacity to
stomatal conductance associated with annual climatic varia-
tion. In addition, it is possible to estimate carbon isotope
discrimination during photosynthetic gas exchange by a whole
forest system, from diurnal changes in CO, concentration and
8'3C values of atmospheric CO, within forest canopies [Keel-
ing, 1958, 1961; Lloyd and Farquhar, 1994].

As part of our involvement in the Boreal Ecosystem-
Atmosphere Study (BOREAS), one major objective of our
work was to provide measurements of physiological character-
istics that can be used to help explain variation in ecosystem-
level gas exchange processes. We have focused much effort on
the measurement and analysis of carbon isotope ratios of leaf,
tree-ring, and atmospheric CO, samples. In this paper we
provide a general overview of our results in order to illustrate
how stable isotope techniques can be used to scale up physio-
logical information. As such, our measurements help to im-
prove our understanding of the interactions between the at-
mosphere and the boreal forest, a major goal of the BOREAS
project [Sellers et al., 1995].
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2. Methods
2.1. Study Sites

Two study areas were located at the northern and southern
limits of the boreal forest in central Canada (see Sellers et al.
[1995] and other papers in this issue for details on the study
sites). The southern study area (SSA) was located 40 km north
of Prince Albert, Saskatchewan, and the northern study area
(NSA) extended from the town of Thompson, Manitoba. We
conducted our research in both SSA and NSA in mature for-
ests dominated by each of the following species: Picea mariana
(spruce), Pinus banksiana (pine), and Populus tremuloides (as-
pen). Measurements were collected during three intensive field
campaigns (IFC) during the 1994 growing season (May
through September).

2.2. Photosynthetic Gas Exchange

Foliage gas exchange was measured with a portable photo-
synthesis system (LI-6200, Li-Cor Inc., Lincoln, Nebraska)
with a 250 mL leaf chamber. All measurements were made
under ambient conditions on upper canopy foliage. For the
conifer sites, gas exchange was measured on mature 1-year-old
foliage (foliage produced in 1993). For the aspen sites, gas
exchange was measured on fully expanded leaves (foliage pro-
duced in 1994). 4., (photosynthesis at light saturation) and
O max (conductance at light saturation) values were calculated
by averaging photosynthesis measurements when the photon
flux density of photosynthetically active radiation (PAR; 400—
700 nm wavelengths) was greater than 1000 pumol m~2 s™".
The A ,,, values were used as an indication of photosynthetic
capacity of the leaves of the different boreal tree species. Leaf
area for conifers was measured using the volume displacement
method, and gas exchange data are presented using half the
total surface area (BOREAS Experimental Plan, J. Norman,
personal communication, 1996). Projected leaf area was used
for aspen.

2.3. Plant Collection and Isotopic Analysis

Mature aspen leaves and current-year conifer foliage sam-
ples were collected from the dominant trees at all sites during
September 1994. In addition to the major tree species, leaf
samples were collected from an additional 10-15 abundant
species at each site. From each of five individual plants, four to
five mature leaves were collected from the top of the plant and
bulked into a single sample. Foliage was dried at 65°C and
ground to a fine powder with a tissue grinder or a mortar and
pestle.

An increment borer was used to collect samples of tree
growth rings at the pine site in the NSA during August 1993.
Holocellulose was purified from the wood samples by a
method described by Leavitt and Danzer [1993].

The leaf and tree ring organic tissue samples were prepared
for measurements of carbon isotopic composition by combus-
tion. A 1-2 mg subsample of ground tissue was sealed in a tin
capsule and loaded into an elemental analyzer for combustion
(Carla Erba). The carbon dioxide generated from the combus-
tion was purified cryogenically and passed directly to the inlet
of a gas isotope ratio mass spectrometer (Delta S, Finnigan
Mat, San Jose, California) at the University of Utah.

Isotope ratios in delta notation are calculated as

R ample
(-
RStandard

(1)
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where R is the molar ratio of heavy to light isotope (**C/*2C),
the international standard for atmospheric CO, samples and
leaf organic samples is CO, from Pee Dee Belemnite (PDB)
limestone [Ehleringer and Osmond, 1989]. The & values are
conveniently presented in parts per thousand (%o).

The leaf carbon isotope values were used to calculate the
ratio of leaf intercellular (c;) to ambient CO, concentration
(c,). These calculations were done with two models, a simple
model that assumes no change in CO, concentration from the
substomatal cavity to the chloroplast, and a more detailed
model that includes mesophyll resistance and assumes that
CO, concentration in the chloroplast is lower than that in the
intercellular air spaces [Farquhar et al., 1989; Lloyd and Far-
quhar, 1994]. For the c;/c, calculations, leaf 8'3C values were
first converted to carbon isotope discrimination values (A):

8, — 3,

A=T17,

(2

where 8, is the isotope ratio of source atmospheric CO,
(=7.5%o0, based on our measurements presented elsewhere
[Flanagan et al., 1996]) and 8, is the isotope ratio of plant
tissue. The ¢;/c, values were then calculated using the equa-
tions shown below [Farquhar et al., 1989; Lloyd and Farquhar,
1994]:

A=a+(b-a) (3)
A=a<1—§+oo%>+ooﬁ@,+m
C; fT
+b<z:—-01> — (4)

where a is fractionation against *CO, during diffusion in air
(4.4%o0), b is fractionation against *CO, during carboxylation
(27.5%0), e, is equilibrium fractionation as CO, enters solu-
tion (1.1%o), a is fractionation against **CO, during diffusion
in water (0.7%o), f is fractionation associated with photorespi-
ration (8%o), I' is the CO, photocompensation point (taken
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Figure 1. Mean values for maximal leaf CO, assimilation
(A ax) and stomatal conductance ( g,,..) rates for the major
tree species in the southern (open symbols) and northern (sol-
id symbols) study sites. Measurements were made on foliage
exposed to full sun (photon flux density for photosynthetically
active radiation >1000 wmol m~2s™*) at the top of the canopy
in July 1994.
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Table 1. Comparison of Leaf Carbon Isotope Ratio (§'C)
Among the Major Tree Species in the Northern and
Southern Study Areas During 1994

Spruce Pine Aspen
North sites —26.6 = 0.3 ab -25.6+02a —284 x04c
South sites —26.5 * 0.3 ab —26.6 £ 0.2 ab —278 £0.2bc

Values are in units of per mil (%o). Leaf samples were collected in
September. Values are the mean =SE, n = 5, except for south aspen
site, where n = 4. Values with different letters are significantly dif-
ferent based on Tukey multiple comparison tests after an analysis of
variance.

as 40 umol mol ™). In the calculations for (4) it is assumed that
the reduction in CO, concentration from the substomatal cav-
ity to the chloroplast is equal to 0.1c, and that 25% of this
reduction occurs from the substomatal cavity to the cell wall
surface, and 75% occurs from the cell wall to the sites of
carboxylation [Lloyd and Farquhar, 1994]. This drawdown in
CO, concentration (0.1c,) is conservative based on measure-
ments made on a number of leaves at saturating light intensity
that indicate the drawdown can be 0.16¢,~0.20c, when as-
similation is maximal [von Caemmerer and Evans, 1991; Lloyd
et al., 1992; Loreto et al., 1992].

3. Results and Discussion

3.1. Comparison of Photosynthetic Capacity and Stomatal
Conductance

There were significant differences in photosynthetic capacity
(A ) among the major tree species, with aspen having the
highest net CO, assimilation rates and spruce the lowest (Fig-
ure 1). This pattern of difference among species was consistent
in both the NSA and the SSA. In addition, photosynthetic rates
in the SSA were approximately twice those measured in the
NSA. Variation in maximal stomatal conductance ( ¢,,,,) Was
correlated to that observed for photosynthetic capacity, except
that maximal stomatal conductance in the NSA was approxi-
mately 3 times lower than values measured in the SSA (Figure
1). The lower conductance resulted in higher stomatal limita-
tion of photosynthesis and lower c;/c, values for tree species in
the NSA (Tables 1 and 2). Further details of our photosyn-

Table 2. Comparison of the Ratio of Intercellular CO, to
Ambient CO, Concentration (c,;/c,) in the Major Tree

‘Species From Short-Term Gas Exchange Measurements

Made During ICF-2 (Mean * SE) and Calculations From
Leaf Carbon Isotope Ratios (Data Shown in Table 1) Using
the Simple Model (3) and a More Detailed Model That
Includes Mesophyll Resistance (4)

Spruce Pine Aspen

Gas exchange

North sites 0.54 +£0.018 058 +£0.014 0.51 =0.017

South sites 0.65 £0.013 0.68 £0.011 0.63 + 0.017
Simple model §*3C

North sites 0.639 0.594 0.715

South sites 0.633 0.638 0.687
Mesophyll resistance

model §**C
North sites 0.820 0.774 0.900
South sites 0.815 0.819 0.871
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thetic gas exchange measurements are presented elsewhere
[Brooks et al., 1997a].

Our measurements of leaf photosynthetic characteristics
were consistent with several previous reports that demon-
strated low CO, assimilation and stomatal conductance rates
in boreal coniferous species (see additional papers in this is-
sue). The conifer species have low leaf nitrogen contents, while
the broad-leaf aspen trees have significantly higher leaf nitro-
gen contents, consistent with the gas exchange measurements.
However, differences in foliar nitrogen content were not suf-
ficient to explain the observed reduction in maximal CO,
assimilation and stomatal conductance rates in the NSA
(H. Margolis and M. Ryan, unpublished data, 1996). Lower gas
exchange capacity in the NSA was likely related to a variety of
differences in climate between the NSA and SSA. In addition,
during 1994 the northern sites were drier than the long-term
average climatic conditions (200 mm in 1994 compared to 270
mm (1967-1994), mean precipitation during May—August for
Thompson, Manitoba), while the southern sites received
higher than average precipitation (255 mm in 1994 compared
to 220 mm (1889-1994), during May—August for Prince Albert,
Saskatchewan). Our observed differences in stomatal conduc-
tance, c;/c, values, and the implied differences in the degree of
stomatal limitation of photosynthesis between trees in the NSA
and SSA, were consistent with these patterns in precipitation.

3.2. Leaf Carbon Isotope Ratios: Integrated Values of c;/c,

Our short-term gas exchange measurements were useful for
broad comparisons among species and sites but are of limited
utility in obtaining information about the longer-term func-
tioning of plants in these ecosystems. However, measurement
of the carbon isotope ratio of leaf tissue provides an assimila-
tion-weighted average of c,/c, [Farquhar et al., 1982, 1989].
Aspen leaves collected at the end of the growth season (IFC 3)
had significantly lower §'3C values than the two conifer spe-
cies, although all species had similar values (Table 1). Only
pine showed any substantial difference between the NSA and
SSA sites, with leaf §'3C values 1%o higher at the northern
site. Calculations of ¢,/c, from leaf carbon isotope ratios in-
dicated higher values than were observed during our short-
term gas exchange measurements (Table 2). This was particu-
larly true for calculations of ¢;/c, that included estimates of
mesophyll resistance and a reduction in CO, concentration
from the intercellular air spaces to the chloroplast.

In general, boreal tree species have low photosynthetic ca-
pacity because of the nutritionally poor soils associated with a
short growing season and cold soil temperatures. Because of
the strong correlation between photosynthetic capacity (A4 ,,.,)
and maximal stomatal conductance ( ¢,,.,), the low photosyn-
thetic capacity of boreal species results in low absolute rates of
stomatal conductance. However, it is important to distinguish
between low absolute values of stomatal conductance and
strong stomatal limitation of photosynthesis [Farquhar and
Sharkey, 1982]. The high values of ¢;/c,, calculated from carbon
isotope ratios indicated a relatively low degree of stomatal
limitation of photosynthesis, despite the low absolute values of
stomatal conductance in the boreal tree species. Gas exchange
studies by other BOREAS investigators showed strong stoma-
tal closure in response to increase in vapor pressure deficit in
all tree species [Dang et al., 1997]. Our leaf §">C data suggested
that carbon assimilated during periods with low c,/c,, contrib-
uted only a small fraction to total leaf carbon gain. Consistent
with these measurements, Dang et al. [1997] have calculated
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that the PAR-weighted average for the leaf-air vapor pressure
difference (VPD) was 1.0 kPa during the 1994 growing season
in the NSA, despite the fact that maximum VPD could reach
3.8 kPa on some days and the daily average VPD was greater
than 1.0 kPa for 50% of the growing season. The seasonal
average c,/c, values at 1.0 kPa, calculated from gas exchange
measurements on pine, spruce, and aspen, were 0.77, 0.71, and
0.81, respectively [Dang et al., 1997]. These seasonal average
values were consistent with our calculations of ¢,/c, using the
8"3C data and the mesophyll resistance model (Table 2).

Carbon isotope discrimination patterns were similar at sites
near both the northern and southern boundaries of the boreal
forest in Canada (Table 1). In addition, tree leaf 8'>C values
did not vary significantly along a transect between the northern
and southern boundaries of the boreal forest, a transect which
spanned over 600 km [Brooks et al., 1997b]. The relatively
constant leaf carbon isotope ratios were found in four different
age classes of foliage, indicating that this consistency was ro-
bust over time.

Comparison of our leaf carbon isotope ratios with other
published reports (Table 3), illustrates that conifer trees often
have much higher 8'>C values than we have observed for the
boreal conifer species. The leaf §'C values we have measured
for the boreal tree species are similar to a variety of plants
(including broad-leaf species from temperate areas), indicating
that in general, stomatal limitation of photosynthesis is low for
these boreal tree species, despite the low absolute leaf gas
exchange rates that have been measured.

3.3. Tree Ring Carbon Isotope Ratios: Historical Variation
in c;/c,

Measurements of the carbon isotope ratio of cellulose from
individual tree growth rings provides information about
changes in c;/c, and the ratio of photosynthetic capacity to
stomatal conductance associated with annual climatic varia-
tion. We have observed significant variation in the >C content
of tree rings at the old Jack pine site in the NSA during the
past decade (Figure 2). Wet years, such as 1986, resulted in the
most negative §'°C values, indicating a reduced stomatal lim-
itation of photosynthesis. In contrast, dry years, such as 1981,
resulted in higher 8'C values indicative of lower c,/c, and
higher stomatal limitation of photosynthesis. There was a clear
trend toward progressively lower 8'°C values from 1981
through 1986, followed by a progressive increase in growth ring
8'3C values from 1986 through 1990. In general, these trends
were correlated with summertime growth conditions, with
summer precipitation and temperature accounting for 44% of
the interannual variation in tree ring carbon isotope ratios
(Figure 2). Interannual variations in carbon isotope ratio ap-
pear to be buffered, such that significant differences arise only
during those years that are unusually cold/hot or wet/dry.
While the temporal variation in growth ring 8'>C values illus-
trates the potential influence of climatic variation on leaf and
ecosystem photosynthetic gas exchange processes in boreal
environments, current analyses explain just under one half of
the total observed variance in isotopic composition. A more
detailed analysis of growth ring 8C values including informa-
tion on pine trees at other BOREAS sites is currently under way.

It is important to note that quantitative, absolute compari-
sons between leaf §'°C values and the §'>C values measured on
cellulose extracted from tree growth rings should not be made.
Such comparisons between whole leaf tissue and cellulose are
complicated by differences in chemical composition and isoto-
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Table 3. Comparisoii of Sun Leaf Carbon Isotope Ratios From Other Selected Studies of

Boreal, Temperate, Arctic, and Tropical Plant Species

Species 813C, %o Location Reference

Coniferous trees .

Pinus edulis -215+08 Utah Flanagan et al. [1992]

Juniperous osteosperma  —22.9 = 0.9 Utah Flanagan et al. [1992]

Pinus edulis —24.2 New Mexico  Lajtha and Barnes [1991]

Juniperous osteosperma . —24.3 = 0.9 Utah Ehleringer and Cerling [1995]

Juniperious monosperma  —24.5 New Mexico  Lajtha and Barnes [1991]

Pinus ponderosa -255*0.6 Utah Ehleringer and Cerling [1995]

Picea abies —-259*+0.1 Sweden Hogberg et al. [1993]

Picea imariana —26.3 = 0.7 Ontario Flanagan and Johnsen [1995]

Pinus massoniana —26.4 + 0.6 Subtropical Ehleringer et al. [1986]

, China

Pinus resinosa -26.9 = 0.7 Ontario Flanagan and Varney [1995]

Pinus taeda, P. echinata —27 ) Tennessee Garten and Taylor [1992]

Abies amabilis - -27.6 £ 0.8 Washington ~ Buchmann et al. [1997]

Pinus contorta =277*04 Utah Buchmann et al: [1997]

Lagarostrobos franklinii  —27 to —28 Tasmania Francey et al. [1985]

Picea abies —27.3t0 —29.1 Bavaria Gebauer and Schulze [1991]

Picea mariana —28.6 to —30.4 Saskatchewan Rask and Schoenau [1993]
Broad-leaf deciduous trees

Fagus sylvatica —24to —26 Germany Schleser [1990]

Populus tremuloides -255+03 Utah Buchmann et al. [1997]

Acer rubrum =263 Massachusetts J. R. Ehleringer (unpublished data, 1996)

Betula alligheneiensis —27.05 Massachusetts J. R. Ehleringer (unpublished data, 1996)

Acer negundo -271x10 Utah Buchmann et al. [1997]

Quercus rubra =27.15 Massachusetts J. R. Ehleringer (unpublished data, 1996)

Populus tremuloides —29.0 Utah Flanagan et al. [1997a]

Quercus sp. -29 Tennessee Garten and Taylor [1992]

Acer rubrum -29 Tennessee Garten and Taylor [1992]
Arctic evergreen shrubs

Cassioppe tetragona —27.5t0 —28.1 Sweden Michelsen et al. [1996]

Dryas octopetala . —29 to —30 Norway Welker et al. [1993]

pic fractionation that occur during synthesis of different chem-
ical components within a plant [Leavitt and Long, 1982; Benner
et al., 1987]. In experiments with juniper trees, cellulose from
growth rings was consistently more enriched in "*C by 2-4%o
than the leaves produced by the tree during the same growth
season [Leavitt and Long, 1982].

3.4. Variation in Carbon Isotope Ratios
Among Plant Lifeforms

Grouping plants into similar functional categories has been
suggested by several authors as a method to simplify scaling
physiological processes from individual plants to larger areas
[Chapin, 1993; Dawson and Chapin, 1993; Smith et al., 1993;
Korner, 1994). Chapin [1993] has argued that using life-forms
as a sorting criteria would be useful because life-forms are
easily recognized and different species within a life-form group
should have similar physiological characteristics. In addition,
many dominant life-forms can be recognized by remote sensing
and therefore could be used to provide an index of ecosystem
function at regional and global scales. We tested the hypothesis
that life-forms (trees, shrubs, forbs, and mosses: deciduous or
evergreen) can be used to group plants with similar physiolog-
ical characteristics [Brooks et al., 1997b]. We used carbon iso-
tope discrimination values (A) to compare life-form groups
because A values remove the influence of source CO, isotopic
composition, a parameter that can differ among plants located
at different heights within a forest [Berry et al., 1997; Brooks et
al., 1997a]. Carbon isotope discrimination values illustrate the
influence of changes in plant physiological characteristics on
the carbon isotopic composition of leaf tissue, independent of
confounding changes in the isotope ratio of source CO,.

Life-form groups explained a significant fraction of the vari-
ation in leaf carbon isotope discrimination data from 29 spe-
cies sampled in six different forests; seven life-form categories
explained 42% of the variation in A [Brooks et al., 1997b].
Species identity alone was only able to explain 64% of the
variation. The life-forms were ranked in the following order
based on their A values: evergreen trees < deciduous trees =
evergreen and deciduous shrubs = evergreen forbs < decidu-
ous forbs = mosses (Figure 3). This ranking of the life-forms
differed slightly between deciduous (aspen) and evergreen
(spruce and pine) ecosystems. Correlations between A and
life-form were related to differences in plant stature and leaf
longevity. Shorter plants had lower A values than taller plants,
likely resulting from reduced light intensity at lower levels in
the forest, and a low ratio of photosynthesis to stomatal con-
ductance previously observed in understory plants [Pearcy and
Pfitsch, 1991; Berry et al., 1997]. After height differences were
accounted for, deciduous leaves had higher discrimination val-
ues than evergreen leaves, indicating that deciduous leaves
maintained higher c,/c, values than did evergreen leaves in a
similar environment within these boreal ecosystems (Figure 3).
We found the same pattern of variation in carbon isotope
discrimination values in a year with above-average precipita-
tion as in a year with below-average precipitation, indicating
that environmental fluctuations did not affect the ranking of
life-forms. We conclude that life-forms are robust indicators of
functional groups for photosynthetic gas exchange character-
istics in boreal ecosystems.

In addition to analyzing relationships among life-form
groups, our measurements of leaf carbon isotope discrimina-



28,866

Jack Pine Thompson, Manitoba
-21 T T T T
221 _
o 23T 1
R
QO 24 ]
e
Two 257 1
26 -
€ 500 ]
E
c 4001 ]
9
|
s 300r1
Q
&
o 2001 ]
g
£ 1001 ]
>
)
8 T T T T
IS
2 o ]
=
S
>2
TE 4 ]
Qg
5 e
(3] L J
SR 2
1965 1975 1985 1995
Time (Year)

Figure 2. Changes in the carbon isotope ratio of cellulose
extracted from tree growth rings from Pinus banksiana in the
northern study area, and associated changes in summer pre-
cipitation (May-August) and mean daily minimum tempera-
ture at Thompson, Manitoba.

tion values on several species within different forest types can
be used as an indicator of ecosystem characteristics. For ex-
ample, plants in the pine ecosystem had, on average, lower
discrimination values (20.8%o0 * 0.18 SE) than plants in the
spruce and aspen ecosystems (22.4%o0 = 0.22 and 22.2%o0 *
0.15, respectively; F = 19, P < 0.0001). This was consistent
with the more arid nature of the pine ecosystem and the gen-
erally lower evaporative fractions (ratio of latent heat flux to
the sum of latent and sensible heat flux) measured in the pine
ecosystems [Sellers et al., 1995]. It is interesting that the dis-
crimination value for the pine tree foliage alone (Table 1) was
not as sensitive an indicator of the arid nature of the pine sites
as the average discrimination value for several species at the
site. This is likely related to the presence of relatively deep
roots in the pine trees, which allows access to abundant
groundwater supplies, as determined by stable isotope analysis
of tree xylem water [Flanagan et al., 1997b].
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3.5. Whole Forest Carbon Isotope Discrimination

Analysis of net partitioning of CO, between ocean and ter-
restrial ecosystems using stable isotope techniques is depen-
dent on knowledge of carbon isotope discrimination during
photosynthetic gas exchange in terrestrial ecosystems, and the
isotope ratio of CO, released from ecosystem carbon pools
[Ciais et al., 1995; Fung, 1995]. It is possible to estimate dis-
crimination during photosynthetic gas exchange by the whole
forest system, from diurnal changes in CO, concentration and
8'"°C values of atmospheric CO, within forest canopies. This
forest discrimination estimate was calculated by assuming that
no isotope effect occurs during respiration by plants and soils
[Lin and Ehleringer, 1997], so that the isotope ratio of CO,
respired by the forest system (8,) at night represents an inte-
grated measure of the isotopic composition of forest organic
matter. Forest carbon isotope discrimination was then calcu-
lated as A, = 8, — 8, [Lloyd and Farquhar, 1994]. Measure-
ments of the concentration and stable isotope ratio of atmo-
spheric CO, necessary for these calculations have been
presented elsewhere [Flanagan et al., 1996]. The spatial area
integrated by the calculation depends on the footprint of the
air sample mast (in our case, the air samples are affected
primarily by sources approximately 140 m upwind of the mast
during smooth surface conditions [Schuepp et al., 1990]), while
the temporal component integrated depends on the relative
contribution that different aged carbon pools make to total
system respiration (and to 8,). If the majority of respired CO,
comes from recently fixed carbon (within days), the calculated
forest A, could be expected to show seasonal changes associ-
ated with environmental influences on leaf-level gas exchange
and isotopic discrimination.

Our data illustrate a seasonal change in discrimination in the
aspen-dominated Sites, with an increase in A, occurring be-
tween the middle and the end of the growing season, possibly
because of a reduction in photosynthetic capacity relative to
stomatal conductance associated with leaf senescence (Figure
4). A decline in temperature and vapor pressure deficit expe-
rienced by leaves in the fall would also have contributed to a
reduction in stomatal limitation of photosynthesis (and re-
sulted in an increase in discrimination) in the aspen leaves
during IFC-3. In contrast, the evergreen conifer canopies ex-
hibited relatively constant discrimination values throughout
the active growing season. The observed forest A ; values were
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Figure 3. Comparison of mean values for carbon isotope
discrimination (*£SE) among life-form groups.
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consistent with observations of the sun foliage 8'>C values of
the dominant tree species (Table 1).

Our data illustrate that the three main types of mature forest
in the boreal forest biome influence the carbon isotope ratio of
atmospheric CO, in similar manners. Measurements of total
system carbon isotope discrimination averaged 19.1%o0 * 0.5%o,
which is slightly higher than values calculated from 8, mea-
surements made by Lancaster [1990] in a lodgepole pine forest
at Rock Lake, Alberta (8, = —25.3 = 0.4%o, approximately
A, =17.9%0), and a large-scale modeling study estimate for
boreal latitudes (approximately A, = 17.5%o [Ciais et al.,
1995]). Our total system isotopic discrimination values are also
slightly higher than values predicted for boreal regions by the
global model of Lloyd and Farquhar [1994] (northern black
spruce forest, A, = 16.3%o; southern black spruce forest,
A, = 17.4%0), although their estimates cover much larger
areas of land than our measurements represent. Using an ex-
perimental approach similar to ours, Quay et al. [1989] and
Lloyd et al. [1996] measured 8, values slightly more negative
(approximately —28%o and —27.1%o, respectively) for tropical
forests in Amazonia, a difference that would be expected for
comparison between tropical and boreal forests [Farquhar et
al., 1989]. '

The ability to detect a seasonal change in aspen total forest
ecosystem discrimination, which was correlated with expected
environmental influences on leaf photosynthetic gas exchange,
suggests that a large fraction of the respired CO, comes from
recently produced carbohydrates in aboveground plant mate-
rial and roots. In other forest systems, autotrophic respiration
has been estimated to contribute 70% of the total respiratory
flux, consistent with this suggestion [Edwards et al., 1989].

Our measurements of seasonal variation in aspen total forest
carbon isotope discrimination (Figure 4) and annual variation
in the 8"°C values of pine growth rings (Figure 2) support the
cautionary note expressed by Lloyd and Farquhar [1994] for
interpreting annual variations in the latitudinal gradient and
rates of change in the isotope ratio of atmospheric CO,. Many
previous studies attempting to partition net uptake of atmo-
spheric CO, between the ocean and terrestrial biosphere have
used a single, constant value for isotopic discrimination by land
plants [e.g., Keeling et al., 1989; Francey et al., 1995]. Large
environmental differences may occur within a season or be-
tween years in a given biome that strongly influence isotopic
exchange processes between the terrestrial biosphere and the
atmosphere. Global models attempting the use of stable iso-
topes in partitioning ocean and land uptake of CO, should
incorporate realistic, dynamic models of biosphere physiolog-
ical processes to deal with this temporal variation in isotopic
discrimination [Ciais et al., 1995].

4. Conclusions

In this paper we compare measurements of photosynthesis
and carbon isotope discrimination characteristics among plants
from three mature boreal forest types (black spruce, Jack pine,
and aspen) in order to help explain variation in ecosystem-level
gas exchange processes. Measurements were made at the
southern (SSA) and northern (NSA) ends of the boreal forest
in central Canada as part of the Boreal Ecosystem-Atmo-
sphere Study (BOREAS). In both the NSA and the SSA, there
were significant differences in photosynthesis among the major
tree species, with aspen having the highest CO, assimilation
rates and spruce the lowest. Within a species, photosynthetic
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Figure 4. Seasonal variation in total ecosystem carbon isoto-
pic discrimination. The square symbols and dashed lines rep-
resent measurements on forests in the southern study area.
The triangle symbols and solid lines represent measurements
on forests in the northern study area.

rates in the SSA were approximately twice those measured in
the NSA, and this was correlated with similar variations in
stomatal conductance. Calculations of the ratio of leaf inter-
cellular to ambient CO, concentration (c,/c,) from leaf car-
bon isotope discrimination values indicated a relatively low
degree of stomatal limitation of photosynthesis, despite the
low absolute values of stomatal conductance in these boreal
tree species. Within each ecosystem, leaf A values were
strongly correlated with life-form groups (trees, shrubs, forbs,
and mosses), and these differences are maintained between
years. Although we observed significant variation in the *C
content of tree rings at the old Jack pine site in the NSA during
the past decade (indicating interannual variation in the degree
of stomatal limitation), changes in summer precipitation and
temperature accounted for only 44% of the isotopic variance.
We scaled leaf-level processes to the ecosystem level through
analyses of well-mixed canopy air. Differences observed at the
individual species level, apparent with leaf-level sampling,
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were melded into a single value that was largely determined by
the major tree species at each respective forest. On average, all
three forest types had similar ecosystem-level A values (aver-
age value (*+SD), 19.1%o0 * 0.5%o), calculated from measure-
ments of change in the concentration and carbon isotope ratio
of atmospheric CO, during a diurnal cycle within a forest
canopy. However, there were seasonal changes in ecosystem
discrimination for aspen forests, while the evergreen conifer
forests exhibited relatively constant discrimination values
throughout the active growing season. Ecosystem carbon iso-
tope discrimination values scale to global carbon budget stud-
ies, and our results indicate that previous global modeling

_efforts may have underestimated discrimination in boreal for-
ests by 1-2%eo.
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