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&p.1:Abstract We tested the hypothesis that life forms (trees,
shrubs, forbs, and mosses; deciduous or evergreen) can
be used to group plants with similar physiological characteristics. Carbon isotope ratios (δ13C) and carbon isotope discrimination (∆) were used as functional characteristics because δ13C and ∆ integrate information about
CO2 and water fluxes, and so are useful in global change
and scaling studies. We examined δ13C values of the
dominant species in three boreal forest ecosystems: wet
Picea mariana stands, mesic Populus tremuloides stands,
and dry Pinus banksiana stands. Life form groups explained a significant fraction of the variation in leaf carbon isotope composition; seven life-form categories explained 50% of the variation in δ13C and 42% of the variation in ∆ and 52% of the variance not due to intraspecific genetic differences (n=335). The life forms were
ranked in the following order based on their values: evergreen trees<deciduous trees=evergreen and deciduous
shrubs=evergreen forbs<deciduous forbs=mosses. This
ranking of the life forms differed between deciduous
(Populus) and evergreen (Pinus and Picea) ecosystems.
Furthermore, life forms in the Populus ecosystem had
higher discrimination values than life forms in the dry
Pinus ecosystem; the Picea ecosystem had intermediate
∆ values. These correlations between ∆ and life form
were related to differences in plant stature and leaf longevity. Shorter plants had lower ∆ values than taller
plants, resulting from reduced light intensity at lower
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levels in the forest. After height differences were accounted for, deciduous leaves had higher discrimination
values than evergreen leaves, indicating that deciduous
leaves maintained higher ratios of intracellular to ambient CO2 (ci/ca) than did evergreen leaves in a similar environment within these boreal ecosystems. We found the
same pattern of carbon isotope discrimination in a year
with above-average precipitation as in a year with belowaverage precipitation, indicating that environmental fluctuations did not affect the ranking of life forms. Furthermore, plants from sites near the northern and southern
boundaries of the boreal forest had similar patterns of
discrimination. We concluded that life forms are robust
indicators of functional groups that are related to carbon
and water fluxes within boreal ecosystems.
&kwd:Key words Functional groups · Life forms · Deciduous/
evergreen · Carbon isotope discrimination · Boreal
forests&bdy:

Introduction
The scaling up of responses from individual plants to the
globe is critical for our ability to predict global climates
and their effects on vegetation distribution (Sellers et al.
1996). Integrating plant responses to the environment on
a regional or a global scale can only be successfully
modeled when species are consolidated into functional
groups (Box 1995). However at present, global circulation models (GCMs) only incorporate very general information about plants, such as biome distributions, and the
vegetation is generally treated as a giant leaf within a
1°×1° or larger cell. Often, global vegetation is separated
into biomes or “vegetation types”, and the vegetation is
characterized by features of the dominant species and
their current distribution. Furthermore, this simplification of plant systems does not allow for temporal changes within plant communities, although this is an almost
certain response to climate change (Bazzaz 1993; Spear
et al. 1994). Plants will not respond to climate change as
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communities or biomes; rather, each species will respond
independently (Schulze and Mooney 1994) according to
its sensitivity to disturbance regimes or variations in
temperature and/or moisture (Spear et al. 1994). However, including the detail of individual species within
GCMs is not presently feasible. Another category of
model that describes response to global changes is that
of individual-based models of plant competition (Botkin
et al. 1972; Shugart 1990). These models can successfully predict community composition based on species’
physiological characteristics and current resource availability, but their complexity also limits the spatial scale
at which they can be used (Smith et al. 1993).
Functional grouping of plants is one concept that has
been suggested for scaling plant physiological responses
to environmental conditions, thus removing one level of
complexity from global models (Bazzaz 1993; Smith et
al. 1993; Körner 1994a; Box 1995). The question then
becomes; how does one categorize plants into functional
groups? Drought and light tolerances have been used to
categorize plants, but this requires detailed knowledge of
the physiological characteristics of many species (Smith
and Huston 1989). Smith et al. (1993) pointed out that
most functional classification systems are based on features such as morphology, life spans, and seed dispersal,
whereas most models used to predict plant responses to
global change require information about stomatal conductance, photosynthesis rates, and carbon allocation
patterns.
The most common and simplest method for classifying plants is by life form. Usually, classification into
trees, shrubs, and forbs is based on morphological features of a species that are insensitive to environmental
change, but easy to determine (Schulze 1982). Furthermore, Chapin (1993) pointed out that 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. Life forms can be
useful for functional grouping because they imply estimates of physiological variables required by global
change models (Chapin 1993; Smith et al. 1993). For example, Buchmann et al. (1996) found that when 15N was
added to the ecosystem, understory grasses in a Picea
abies forest were the most competitive at taking up this
nitrogen and also had higher nitrogen concentrations,
followed by shrubs and then by trees. Schulze et al.
(1994) found that at Alaskan sites where nitrogen is limiting, different life forms exploited different nitrogen
pools within the ecosystem. Nadelhoffer et al. (1996)
found similar patterns of nitrogen partitioning by tundra
plant species. Because higher nitrogen concentrations are
often related to higher photosynthetic capacities (Field
and Mooney 1986), this grouping can give information
about physiological function. Moreover, Ehleringer and
Cooper (1988) found that water-use efficiency varied
with life span: short-lived shrubs were less water-use-efficient than long-lived shrubs. Ehleringer (1994) speculated that in desert environments, perennials that persist
through multiple droughts should have lower hydraulic

conductivities than short-lived annuals. Furthermore, he
noted that life-form diversity was positively correlated
with the climatic diversity of a site, indicating some form
of functionality associated with life forms in desert environments.
Using the concept of functional grouping by life
form, how do we evaluate whether life forms are appropriate as functional groups for physiological properties
such as regulation of gas exchange? Leaf carbon isotope
ratio (δ13C) and carbon isotope discrimination (∆) integrate information about how a plant regulates carbon dioxide and water fluxes as they relate to the ratio of intracellular to ambient CO2 (ci/ca; Farquhar et al. 1989). In
addition, ∆ is more stable over time than are absolute
fluxes, thereby providing a better indicator of wholeplant constraints rather than environmental constraints.
For example, Stewart et al. (1995) examined how δ13C
changed in plants along a rainfall gradient, and found
that the δ13C of a community reflected the longer-term
average of precipitation for that site. Lloyd and Farquhar
(1994) predicted that vegetation type would significantly
affect carbon isotope discrimination on a global basis.
Körner et al. (1988, 1991) used carbon isotope ratios to
examine altitudinal and longitudinal effects on plant
physiological processes for a broad spectrum of plants
across the globe, and found that δ13C values change with
altitude and latitude. Although the data of Körner et al.
(1988, 1991) were not collected to test for the effects of
life form, Kelly and Woodward (1995) used this data set
to test for life-form influences on δ13C and found no significant effect. However, after accounting for the influence of altitude and taxonomic relatedness, their sample
size was limited, thus reducing the power of the test.
In this study, we focus on the question of whether life
forms are appropriate groups to predict the physiological
characteristics of boreal plants, such as the balance between carbon dioxide and water fluxes. We test this hypothesis using δ13C and ∆ values of trees, shrubs, forbs,
mosses, and lichens in three ecosystems at the northern
and southern boundaries of the boreal forest biome in
central Canada.

Methods
This study was conducted in association with the Boreal Ecosystem-Atmosphere Study (BOREAS). The southern study area
(SSA) was located 40 km north of Prince Albert, Saskatchewan,
and covered an area of 130 km×90 km (approximately 600 m
above sea level). Mean annual precipitation (1967–1994) for
Prince Albert is 420 mm. In 1993, total precipitation was 414 mm
and in 1994 was 495 mm (data provided by Environment Canada).
The northern study area (NSA) was 100 km×80 km (approximately 200 m above sea level), and included the town of Thompson,
Manitoba. Mean annual precipitation (1967–1994) for Thompson
is 513 mm. In 1993, total precipation was 443 mm, and in 1994,
371 mm. In both SSA and NSA, three different ecosystems were
chosen for study; the dominant tree species were, Picea mariana,
Pinus banksiana, and Populus tremuloides. These ecosystems vary
in stand density and canopy openness: the Pinus ecosystem has the
lowest leaf area index (LAI, 1–2 m2/m2), Populus was intermediate in LAI (2–3 m2/m2) and the Picea ecosystems had the highest
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(3–6 m2/m2). These six sites are described in detail in Brooks et al.
(1997).
Leaf samples were collected for carbon isotope analysis in August 1993 and in early September 1994. In 1993 samples were collected only at the four conifer sites, whereas in 1994 samples were
collected at all six sites. At each site, the most abundant 10–15
plant species were identified, and leaf samples were collected
from ten individuals of the dominant tree species and from five individuals of the other the species. From each individual sampled,
four to five mature leaves were collected from the top of the plant
and bulked into a single sample. Our total sample size was n=175
in 1993 and n=335 in 1994.
In addition to the six main sampling sites, we collected leaf
samples from the dominant tree species along a transect between
SSA and NSA in 1993. Pinus banksiana samples were collected
from two stands along Saskatchewan Highway 106, north of Nipawin Provincial Park, and from one stand along Manitoba Highway
39. Picea mariana samples were collected from two stands along
Saskatchewan Highway 106, and two stands along Manitoba
Highway 39 and 6. At each stand, sun foliage in the upper canopy
was collected from five trees. We collected current (foliage formed
in 1993), 1-year-old, 2-year-old, and 3-year-old foliage from each
tree, and age classes were kept as separate samples (total n=140
for the transect).
Leaf samples were dried at 70°C for 48 h and ground to a fine
powder using a mortar and pestle. Sub-samples of 2 mg were combusted and the resulting CO2 was analyzed on an isotope mass
spectrometer (delta S, Finnigan MAT, Bremen, Germany) for δ13C
(‰, Ehleringer 1991) at the SIRFER facility at the University of
Utah (mass spectrometer precision ±0.1‰).
Carbon isotope discrimination (∆) was calculated from leaf
δ13C using Eq. 1 (Farquhar et al. 1989):
∆=

δ air − δ leaf
1 + δ leaf

(1)

where δleaf is the carbon isotope ratio of the foliage sample, and
δair is the carbon isotope ratio of the source CO2 for photosynthesis. δair can vary temporally and spatially within a canopy depending on the mixture of CO2 from the convective boundary layer
above the vegetation and CO2 from plant and soil respiration,
which have very different isotopic ratios (–8‰ and –27‰, respectively). As the proportion of respired CO2 increases nearer to the
soil surface, δair becomes more depleted in 13C (Fig. 1; Keeling
1961; Schleser and Jayasekera 1985; Sternberg 1989). We calculated δair using photosynthetically weighted CO2 concentration
profiles (Brooks et al., 1997) and the relationships between [CO2]
and δ13C (Flanagan et al., 1997) measured at these six sites. We
measured [CO2] and δ13C within the canopies at each site three
times over the growing season. δair was related to height in the
canopy (m) as described by Eq. 2 for the six BOREAS sites used
in this study:
δair=0.128 ln(ht) –7.95

(r2=0.40, df=67, F=14.4, P<0.0001)

Fig. 1 Change in leaf δ13C with canopy height attributed to the effects of source CO2 for photosynthesis and leaf physiology affecting ci/ca. The line for the effect of source air was from Eq. 2
(δair=0.128 ln(ht) –7.95) and the line for the effect of leaf physiology was calculated from the relationship between and canopy
height (∆=21.4 –0.46 ln(ht))&ig.c:/f
tis-idaea, were common in all ecosystems. However, other species
were more site-specific: Corylus cornuta was only abundant in the
Populus ecosystem in the south, and Pyrola secunda was only
abundant in the Populus ecosystem in the north. In most cases,
each ecosystem had at least one species in each life-form category.
Data were analyzed using both ANOVA and regression analysis on JMP 3.0 (1993, SAS Institute Inc.). If ANOVAs were significant, category means were tested using the Tukey-Kramer honestly significant difference (HSD) test. In addition, tree-based modeling (Clark and Pregibon 1992) was used to separate species categories into groups based on their ∆ values; these species groups
were then compared to see how closely they resembled life-form
categories. Tree-based models were also run using life-form categories. Tree-based models were run using S-PLUS (Version 3.1,
1992, Statistical Sciences Inc.). For most analyses we eliminated
lichens since the carbon isotope ratio for lichens depends primarily on the algal species involved (Lange et al. 1988).

Results

(2)

We evaluated the pattern of δair within the canopy for different
sites and for different seasons. In the end, one overall equation for
all sites and seasons was used because there was no distinct pattern with seasons or sites; the simplest model was therefore selected. Using the mean plant height for a species at each site, we estimated the source air δ13C from Eq. 2, and used that value and
plant δ13C to calculate carbon isotope discrimination from Eq. 1.
Our estimates for discrimination for the mosses were similar to
on-line gas-exchange measurements made by Williams and
Flanagan (in press), which support our source air equation.
Plant species were categorized into the following life forms:
deciduous or evergreen; trees, shrubs, forbs, mosses, or lichens. In
addition the data were categorized by ecosystem type (Pinus,
Picea, or Populus ecosystems), location (north or south) and site
(a combination of ecosystem and location). Table 1 is a complete
listing of species sampled at each study site. Each life-form category included between two and seven species, except lichens.
Some plant species, such as Cornus canadensis and Vaccinium vi-

The leaf carbon isotope ratios of boreal plant species
spanned a range of over 9‰ in 1993 and over 11‰ in
1994. In 1993, the mean δ13C was –29.5‰ (±1.7 SD)
for the 16 species sampled, ranging between –24.4‰ for
the evergreen tree, Picea mariana, and –33.7‰ for the
deciduous forb, Petasites palmatus. Similarly in 1994,
the mean δ13C of the 29 species sampled was –29.4‰
(±2.2 SD), ranging between –23.5‰ for the evergreen
tree, Pinus banksiana, and –35.2‰ for the evergreen
forb, Linnaea borealis. Within the ecosystems at NSA
and SSA, δ13C varied with plant height
(δ13C=0.59×ln(height in m) –28.7, r2adj=0.41, n=335,
F=248), where δ13C became more depleted near the forest floor (Fig. 1). This variation in leaf δ13C with height
was attributed to changes in leaf ci/ca, and changes in
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Table 1 Mean leaf δ13C (‰,±SD, n=5, n=10 for tree species) of the dominant species at each site. Species are separated into life-form
categories. Height refers to the mean height of the species&/tbl.c:&
Species

Height
(m)

Deciduous trees
Populus tremuloides Michx
15
Salix spp.
2
Evergreen trees
Picea mariana (Mill.) B.S.P.
10
Pinus banksiana Lamb.
10
Deciduous shrubs
Alnus crispa (Ait.) Pursh
1.5
Corylus cornuta Marsh.
1.5
Rosa acicularis Lindl.
1
Vaccinium myrtilloides Hook
0.25
Viburnum édule (Michx.) Raf.
1.5
Evergreen shrubs
Arctostaphylos uva-ursi (L.) Spr. 0.0
Gaultheria procumbens L.
0.15
Ledum groenlandicum Oeder.
0.5
Vaccinium vitis-idaea
0.05
L. var. minus Lodd
Deciduous forbs
Apocynum androsaemifolium L. 0.5
Aralia nudicaulis L.
0.2
Fragaria virginana Hall
0.05
Maianthemum canadense
0.1
Desf. var. interius Fern
Petasites palmatus Ait.
0.1
Potentilla palustris (L.) Scop.
0.15
Solidago canadensis L.
0.25
Evergreen forbs
Cornus canadensis L.
0.1
Linnaea borealis Torr.
0.05
Pyrola secunda L.
0.2
Mosses
Dicranum polysetum
0
Hylocomium splendens
0
Pleurozium shreberi
0
Ptillium crista-cretensus
0
Sphagnum spp.
0
Lichen
Cladina mitis
0

Populus ecosystem

Pinus ecosystem

Picea ecosystem

North

South

North

North

–28.0±0.79

–27.2±1.14

South

–29.3±0.92
–29.8±0.71
–26.5±0.72
–24.8±0.75

–26.6±0.44

–27.3±0.14

–28.4±1.09

–29.1±0.28

–29.4±0.30

–32.2±0.58

–28.6±1.23
–29.4±0.21

–29.0±0.73

–30.5±0.38

–27.6±0.71

–28.5±0.88

–27.8±0.79
–29.6±0.39
–31.1±0.77
–27.6±0.80

South

–28.8±1.21
–27.9±1.55

–26.5±0.66

–29.8±0.31
–30.5±0.70

–28.8±1.63
–31.6±0.30

–28.5±0.54
–30.8±0.60

–29.5±0.19
–31.0±0.90

–31.7±0.55
–31.7±0.39
–27.9±0.27

–32.4±0.49

–33.7±0.43

–33.2±0.50

–32.7±1.73
–29.6±0.84

–28.8±0.50

–27.9±0.50

–30.3±0.40
–31.7±0.68
–32.5±0.70

–32.5±0.87

–30.4±1.50
–28.8±0.48

–31.0±0.52
–33.2±1.29

–26.8±0.31

–31.3±0.80
–30.3±0.38
–31.0±0.50
–32.3±0.94

–30.6±0.86

–31.3±0.61

–31.4±2.14
–26.0±0.62

–25.7±0.72

&/tbl.:

the δ13C of source CO2 available for photosynthesis.
Separating these two effects, we found that leaf physiology accounted for 78% of the change in δ13C, while
source CO2 accounted for the remaining 22%. In this
study, we are interested in physiological effects on carbon isotope composition; therefore, we calculated carbon isotope discrimination (∆) which eliminates the effect of variation in source CO2 (Eq. 1). Discrimination
values were similar between the two years; ranging from
16.3‰ to 27.8‰ in 1994, with a mean of 21.9‰ (±2.1
SD), and ranging from 17.1‰ to 26.3‰ in 1993, with a
mean of 21.8‰ (±1.7 SD).
Our goal was to determine whether life forms could
adequately describe the variation in ∆ observed among
species. Prior to testing life forms, we determined how
much of the variation in the data set originated from species and site differences (explainable using our catego-

ries), and how much was phenotypic variation within the
populations (unexplainable using our categories). Species alone only explained 64% of the variation. Using
species as the main factor, in combination with sites
nested within species (Species, S[species]; Table 2), the
model explained 81% and 80% of the variation within
the data set for δ13C and ∆ values, respectively. The remaining 20% was attributed to phenotypic variation
within the populations. Since the Species, S[species]
model explained the most variation within the data set,
we used this model for comparison with other models,
and refer to it as the maximum model. The maximum
model used 59 categories to explain the variation within
the data. Our goal was to simplify the model by reducing
the number of categories, while maximizing the variation
it explains. The F-statistic balances these two properties
(number of categories and variation explained), so we
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Table 2 Modeling statistics for carbon isotope discrimination (∆,
‰) for 1993 and 1994. dfmodel are the degrees of freedom used by
the model, r2adj is the adjusted coefficient of determination and F is
the overall F-statistic of the model. For the 1994 data, % represents the percent of variation explained compared to the model
that explains the maximum amount of variation. [Brackets] indicate a nested design with the main factor in the bracket. The 1994
Model description

1993 ∆
dfmodel
6

data set includes all six sites, while the 1993 data set only contains
the conifer sites. Lichens were removed from both data sets. All
factors were highly significant in the model (P<0.0001) except location (north or south) which was not significant (ns, α=0.05) in
1993 and barely significant in 1994. Sample sizes were n=165 for
1993 and n=325 for 1994
&/tbl.c:
1994 ∆

r2adj

F

dfmodel

r2adj

F

22.5
18.8
53.0
27.9
35.0
36.0
24.6

6
1
5
2
11
8
18
32

0.42
0.01
0.11
0.09
0.51
0.51
0.62
0.66

43.1
5.0
9.6
18.7
35.0
47.6
34.2
22.6

53
1
14
11
64
64
78
83

20.5
28.7
28.7
26.9
23.1

28
30
33
42
58

0.64
0.71
0.72
0.76
0.80

23.7
30.3
29.3
27.7
26.0

80
89
90
95
100

Life forms (LF)
Location (L)
Site (S)
Ecosystem (Eco)
LF and S
LF and Eco
LF, Eco [LF]
LF, S [LF]

3
1
9
7
12
21

0.44
ns
0.25
0.24
0.60
0.59
0.72
0.75

Species
Species and Eco
Species and S
Species, Eco [species]
Species, S [species]

15
16
18
19
32

0.64
0.73
0.75
0.75
0.81

%

&/tbl.:

also used this parameter to compare models. Comparing
the two years (1993 and 1994), all models were quite
similar in explaining the variation. Since the 1994 data
set was more extensive and covered all six sites, we focused on those results.
Life forms (LF), using just seven categories to separate the data (lichens were excluded), explained 42% of
the total variation in the data set, and 53% of the variation of the maximum model. Its F-statistic (43.1) was the
second highest of all the models, indicating that for the
number of categories used, life forms were an appropriate unit for classifying carbon isotope discrimination values. However, the model with the highest F-statistic
(47.6) contained both life form and ecosystem categories
(LF and Eco). The LF and Eco model explained 51% of
the total variation, and 64% of the maximum model. Interestingly, location (whether plants were located at sites
near the southern or northern boundary of the boreal forest) explained only 1% of the variation in ∆ in 1994, and
was not significant in 1993. Thus, plants had similar ∆
values at both boundaries of the boreal forest; therefore,
knowing a species’ life form and ecosystem type was
much more important than knowing its location within
the boreal biome. This observation was also supported
by the similarity between the variation explained by the
Site model and the Ecosystem model. Since the LF and
Eco model was one of the simplest models, using only
nine categories and with the highest F-statistic, we selected this model as the best model for explaining variation in ∆ within these boreal ecosystems. Since we recognize that calculating ∆ is not always possible, we
should note that the LF and Eco model was also the best
for classifying variation in δ13C, explaining 58%
(F=63.2) of the total variation and 72% of the variation
in the maximum model.

Fig. 2 Mean carbon isotope discrimination ∆ (±SE) for the different life forms. Different letters represent significant differences
among the means (α=0.05, Tukey-Kramer HSD test)&ig.c:/f

Life forms showed distinct differences in carbon isotope discrimination (Fig. 2, Table 3). Evergreen trees,
which dominated two ecosystems, had the lowest ∆ values of all the life forms, with a mean ∆ of 18.9‰. When
all ecosystems were combined, deciduous trees, shrubs
and evergreen forbs were indistinguishable with a mean
of 21.6‰. However within an ecosystem, these groups
differed significantly (Table 3), but their ranking depended on whether the ecosystem was dominated by evergreen or deciduous trees (Fig. 3). Within a life form, deciduous forms maintained similar discrimination values
between ecosystems. However, evergreen forms had
higher ∆ values in the deciduous forest than in the evergreen forests. In the evergreen ecosystems, evergreen
trees and evergreen forbs had the lowest ∆, whereas in
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the deciduous ecosystems, deciduous trees and deciduous shrubs had the lowest ∆. Mosses and deciduous forbs
had the highest ∆ values, regardless of ecosystem, with a
mean of 23.5‰ (Figs. 2 and 3).
To see whether the species naturally separated into
groups that were similar to the life form categories and
ranking order, we used tree-based modeling for species
within an ecosystem. These tree-based models produced
classifications very similar to those in Fig. 3 that were
based on life-form categories rather than species. However, certain species did not fit into their proper life form categories. For example, Vaccinium myrtilloides, a deciduous
shrub, had a ∆ of approximately 24‰, which was higher
than other deciduous shrubs (mean ∆=21.4‰), but similar
to deciduous forbs (mean ∆=23.8‰). Generally, species
tended to branch into groups that reflected their life form,
indicating that some physiological and morphological features associated with the life-form categories influenced
carbon isotope discrimination within these ecosystems.
Table 3 Leaf ∆ in 1994 (‰,
±SE) of life forms in the different ecosystems and combined
for all sites. Different letters
denote significantly different
∆s (α=0.05) in a Tukey-Kramer
all pairs comparison across all
ecosystems and life-form categories (1994, SAS Institute
Inc.). The combined ecosystem
data were tested among lifeform categories only&/tbl.c:&

Life forms

&/tbl.:

Evergreen trees
Deciduous trees
Evergreen shrubs
Deciduous shrubs
Evergreen forbs
Deciduous forbs
Mosses
Lichen

Fig. 3 The ranking of life
forms based on carbon isotope
discrimination within each ecosystem. The tree models were
generated using tree-based
models with life-form categories to split the data. Vertical
lines represent the mean carbon
isotope discrimination for a
branch of the tree model&ig.c:/f

We explored whether one of these physiological/morphological features affecting ∆ could be plant stature as
it relates to vertical variation in leaf physiological characteristics within the forest (Fig. 1). Since we removed
the effects of source CO2 in calculating ∆ , we are only
exploring the effect of plant height on leaf physiology.
We regressed ∆ against the natural logarithm of height
and found that plant stature significantly influenced
∆(r2adj=0.27, F=132, P<0.0001). The slope of this relationship was the same for all ecosystems, but the intercept increased from the Pinus banksiana ecosystem
(20‰), to the Picea mariana ecosystem (21.6‰), to the
Populus tremuloides ecosystem (22.1‰). This height effect is probably related to changes in ci/ca with light attenuation. Using the residuals from this regression, thus
subtracting the influence of plant stature on discrimination, we found that life forms still explained a significant
amount of the remaining variation in ∆(r2adj=0.24, F=19.2,
P<0.0001), but the ranking pattern of life forms changed:

Populus
ecosystems
21.0±0.19b
24.3±0.39de
21.0±0.20b
22.9±0.35cd
24.6±0.23e
23.6±0.33cde

Pinus
ecosystem

Picea
ecosystem

All ecosystems

18.4±0.26a

19.2±0.19a
22.6±0.41bcde
22.1±0.38bc
22.9±0.30cd
20.7±0.21ab
24.4±0.53de
23.5±0.29cde

18.9±0.17a
21.1±0.19b
22.0±0.28b
21.4±0.15b
21.5±0.33b
23.8±0.26c
23.3±0.17c
18.0±0.22a

20.7±0.21b
21.1±0.22b
19.1±0.14ab
21.8±0.39bc
22.8±0.18cd
18.0±0.22a
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evergreen forbs=evergreen trees<evergreen shrubs<
mosses=deciduous shrubs=deciduous trees<deciduous
forbs. All evergreen life forms had lower discrimination
values than the deciduous life forms and mosses (t=7.22,
P<0.0001). Thus, foliage longevity was an additional
morphological feature that influenced plant discrimination, with higher ∆ in short-lived leaves than in longlived leaves.
In addition to plant stature and leaf longevity of a life
form, ecosystem type also influenced discrimination.
The Pinus banksiana ecosystem had the lowest mean of
all ecosystems (20.8‰±0.18 SE), whereas both the Picea mariana and the Populus tremuloides ecosystems
had higher mean ∆ values (22.4‰±0.22 and 22.2‰±0.15
respectively, F=19, P<0.0001, Fig. 3). This ecosystem
effect was also seen in the relationship between discrimination and plant height, where the intercept shifted with
ecosystem as reported above. Plants in the Picea mariana ecosystem showed the largest variation in ∆ values,

Fig. 4 A comparison of leaf δ13C values between 1993 and 1994.
Each symbol represents a species mean for a given site (the four
conifer sites only). Open symbols represent deciduous forms, and
filled symbols represent evergreen forms or mosses (circles trees,
triangles shrubs, inverted triangles forbs, diamonds mosses)&ig.c:/f
Fig. 5 Maps of central Canada
showing needle δ13C (‰) along
a transect for both coniferous
tree species. The shaded area
represents the range of the
boreal forest. The southern
study area (SSA) was located
just north of Prince Albert, and
the northern study area (NSA)
was located northwest of
Thompson&ig.c:/f

a range of over 5‰, with evergreen trees at 19.2‰ and
deciduous forbs at 24.4‰. Plants in the other two ecosystems varied less (approximately 4 ‰), but the ranges
were quite different. The ∆ values of plants in the Populus tremuloides ecosystem ranged between 21‰ and
24.6‰, while ∆ values in the Pinus banksiana ecosystem
ranged between 18.4‰ and 22.8‰ (Table 3, Fig. 3).
The ranking of life forms was also consistent between
years. Although, 1993 and 1994 had different environmental conditions (415 and 495 mm rainfall, respectively, for Prince Albert, and 440 and 370 mm for Thompson), ∆ values and the pattern of variation among life
forms remained the same in the two years. The overall
mean was the same between the study years (21.9 ‰ vs.
21.8‰, t=0.64, df=498, P>0.5) as well as for individual
species (Fig. 4). In both 1993 and 1994, evergreen trees
had ∆ values most enriched in 13C and deciduous forbs
and mosses were the most depleted in 13C. In addition,
the models that described carbon isotope discrimination
(Table 2) explained similar amounts of variation for both
years, indicating that discrimination and the life-form
and ecosystem factors that influence it were stable
through time. Even large weather fluctuations did not
disturb these patterns of carbon isotope discrimination.
Besides being temporally stable, δ13C and ∆ remain
spatially constant as well. Carbon isotope discrimination
patterns were similar at sites near both the northern and
southern boundaries of the boreal forest for both 1993
and 1994 data. This similarity persisted despite precipitation differences between the northern and southern
sites, where 1993 was drier at the southern site and 1994
was drier at the northern site. In addition, δ13C did not
vary significantly along a transect between the northern
and southern boundaries of the boreal forest, which
spanned over 600 km (Fig. 5). This constant δ13C across
the transect was found in four different age classes of foliage, indicating that this spatial consistency was robust
over time (Table 4). Therefore, neither environmental
fluctuations across the boreal forest nor fluctuations between years altered the patterns of carbon isotope discrimination that we found.
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Table 4 Mean δ13C (‰, ±SD, n=5) of sun foliage from the dominant conifers along a transect from the southern study area (SSA)
to the northern study area (NSA) (see fig. 5). All samples were collected in 1993: the different years represent the years in which the

needles were formed (different foliage age classes). ANOVAs
across the transect were not significant (α=0.05) for both species
in all age classes except for Pinus banksiana foliage formed in
1991 when NSA had significantly lower δ13C than stand 3&/tbl.c:&

Picea mariana

SSA

Stand 1

Stand 2

Stand 3

Stand 4

NSA

1993
1992
1991
1990
Pinus banksiana
1993
1992
1991
1990

–25.8±0.8
–24.9±1.0
–26.2±1.0
–25.4±0.7

–26.8±0.4
–26.5±0.8
–26.8±0.8
–26.4±0.9

–26.3±0.7
–25.9±0.9
–26.1±1.0
–25.7±0.6

–25.7±0.6
–25.9±0.8
–26.1±1.1
–25.9±1.2

–25.4±1.2
–25.2±1.1
–25.6±1.0
–25.6±1.0

–26.6±0.7

–26.9±0.7
–27.4±1.0
–27.8±0.8
–27.8±0.9

–26.3±0.6
–26.9±0.4
–26.7±0.7
–27.1±0.9

–26.3±0.9
–26.8±0.8
–26.8±0.8
–27.2±1.1

–25.8±0.4
–26.3±0.4
–26.3±0.7
–26.1±0.5

–26.9±0.9
–27.2±1.1
–28.3±1.1
–27.6±0.8

&/tbl.:

Discussion
Although life-form groups are based on morphological
and structural features, we found that life forms were a
robust indicator of physiological processes, such as carbon isotope discrimination. Thus, life forms have characteristics which would allow them to be used as functional
groups to scale physiological processes within boreal
ecosystems. Life form alone explained 42% of the variation in ∆ values, and 52% of the variance not due to intraspecific genetic differences. Differences in carbon isotope discrimination among life forms were strongly related to plant stature and leaf longevity: plants in the upper canopy had lower ∆ values than plants in the lower
canopy, while evergreen leaves had lower ∆ values than
deciduous leaves. In addition, ecosystem type also influenced carbon isotope discrimination. Plants in the deciduous Populus tremuloides ecosystem had higher ∆ values
than plants in the evergreen ecosystems, while plants in
the dry Pinus banksiana ecosystem had the lowest ∆ values. These relationships among carbon isotope discrimination, life form, and ecosystem type were spatially stable: similar patterns were found in ecosystems located at
the northern and southern boundaries of the boreal forest. Furthermore, these patterns were consistent through
time, even in years with vastly different environmental
conditions.
Leaf δ13C values increased by approximately 3‰
from the bottom to the top of the canopy in these boreal
forests. Vertical gradients in δ13C have been found in
other forest types ranging from tropical to temperate including both evergreen and deciduous forms (Schleser
and Jayasekera 1985; Ehleringer et al. 1986; Garten and
Taylor 1992; Gutierrez and Meinzer 1994; Buchmann et
al. 1997; Berry et al. 1997), and these δ13C gradients
ranged between 1 and 6‰. Of the gradient in our boreal
canopies, 22% was attributed to changes in the δ13C of
the source CO2, and the remaining 78% resulted from
changes in ∆ (Fig. 1), which is related to ci/ca of the leaf
(Farquhar et al. 1989). The relationship between height
in the canopy and was probably mediated through canopy sheltering effects, which include light attenuation, increased relative humidity (Hinckley et al. 1994; Hollin-

ger et al. 1994; Parker 1995), and potentially changes in
hydraulic conductance (Panek and Waring 1995; Walcroft et al. 1996). However, Brooks et al. (1997) found
that within these canopies, photosynthesis decreased
with light attenuation faster than stomatal conductance,
resulting in an increase in ci/ca at lower canopy positions.
Although these patterns were found for the dominant tree
species, a similar relationship between gas exchange and
canopy position probably exists for all species, resulting
in the vertical pattern for ∆ we observed. The decrease in
carbon isotope discrimination with increasing height
above the forest floor occurred at the same rate regardless of the ecosystem. This result was unexpected since
these ecosystems vary in leaf area index (LAI) and stand
structure, two factors that affect light attenuation. For example, Buchmann et al. (in review) found that the gradient in leaf δ13C increased in Acer and Populus canopies
with increasing LAI. However, in this study changes in
LAI were also associated with differences between evergreen and deciduous vegetation types for which canopy
architecture and light attenuation patterns can vary substantially for a given LAI (Sprugel 1989). In addition,
there were environmental differences between these ecosystems, such as water and nutrient availability, that
cause changes in vegetation composition and structure.
The relationship between canopy structure and gradients
in carbon isotope discrimination warrants further investigation.
Once changes in plant stature were accounted for (using residual analysis), life forms were still significant in
explaining the variation in carbon isotope discrimination.
We found that deciduous species had higher 13C discrimination values than evergreen species, regardless of life
form. Evergreen leaves have been noted for having higher intrinsic water-use-efficiency, lower stomatal conductance, and lower photosynthetic rates compared to deciduous species (Chabot and Hicks 1982; Schulze 1982;
Körner 1994b; Reich et al. 1995). Marshall and Zhang
(1994) noted that discrimination against 13C was greater
in deciduous trees than in evergreen trees for species
growing at similar elevations in the Rocky Mountains.
Some differences between evergreen and deciduous species have been found because the evergreen species tend
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to inhabit more xeric sites compared to the deciduous
species (Garten and Taylor 1992). However in this study,
deciduous and evergreen species coexisted on all three
sites, and in each case deciduous species maintained
greater discrimination rates. This indicates that deciduous species maintain higher ci/ca than evergreen species
within the same boreal forest site.
Interestingly, life form (i.e., tree, shrub, forb) showed
no consistent pattern of variation in δ13C or ∆ values after accounting for differences in plant stature and leaf
longevity. In fact, the difference between evergreen and
deciduous species within a life-form group was the
greatest for forbs, intermediate for trees, and the least for
shrubs. Forb species have been noted to be highly variable. Körner et al. (1986) found that plants within the
forb life form varied more along an altitudinal gradient
than did plants in either tree or shrub life-form groups.
The reason that evergreen and deciduous shrubs are more
similar than evergreen and deciduous trees are may be
related to canopy coupling and the sheltered environment
within the canopy. Evergreen trees are generally better
coupled to ambient atmospheric conditions than are deciduous trees, which could create differences in discrimination values (McNaughton and Jarvis 1991). However,
because shrubs occur lower in the canopy, differences
between their environments would probably be less than
for trees.
Carbon isotope discrimination also depended on ecosystem type. Plants in the deciduous Populus tremuloides
ecosystem had the highest ∆ values, whereas plants in
the dry Pinus banksiana ecosystem had the lowest ∆ values. Even for a single species growing in all three ecosystems, ∆ was always greater in plants in the Populus
tremuloides ecosystem than in the Pinus banksiana ecosystem (Table 1). These differences between ecosystems
are probably driven by nutrient and water availability.
Nitrogen concentration in Populus tremuloides leaves
was greater than in Pinus banksiana leaves (2% vs. 1%
respectively, H. Margolis and M. Ryan, unpublished
work). In addition, the Pinus banksiana ecosystems were
located on sandy substrates which had limited water
holding capacities compared to the other ecosystems
(Stangel et al. 1995). Both water and nutrient availability
have been noted to affect intrinsic water-use efficiency
(Field et al. 1983) and thus ∆. Within a species, Garten
and Taylor (1992) found that trees growing in riparian
zones had lower δ13C values than trees growing along
ridges; presumably this was caused by differences in water availability. Environmental differences among sites
probably influenced the average discrimination values
observed for the different boreal forest ecosystems.
The patterns in ∆ in relation to plant height, leaf longevity, and ecosystem type were both spatially and temporally stable. These patterns were similar, independent
of whether the ecosystems were located near the northern or southern boundaries of the boreal forest. Brooks et
al. (1997) found that tree gas exchange rates were greater
in the SSA than the NSA, but trees at both sites had similar carbon gain to water loss ratios, as measured by car-

bon isotope ratios. This study demonstrated that this spatial stability is more general, covering most members of
the plant community and not just the dominant trees. In
addition, carbon isotope data collected along a transect
from the southern to the northern site demonstrated that
this similarity is not just between the northern and southern study areas, but also includes the forests between the
boundaries (Fig. 5).
The patterns were also consistent over time. We measured δ13C and ∆ values for different life forms within
the evergreen ecosystems over two years with different
environmental conditions and found the patterns to be
robust. Garten and Taylor (1992) found that δ13C values
for trees growing in mesic sites were similar in years that
ranged between 500 mm and 1000 mm in precipitation,
but were consistently lower than those of trees growing
in the xeric sites. Stewart et al. (1995) also found that
δ13C was strongly correlated with the long-term average
rainfall of a site. Thus, year-to-year fluctuations in water
availability may be less important for carbon isotope discrimination than long-term averages. Although Garten
and Taylor (1992) did find differences in δ13C between
wet and dry years at the xeric site, carbon isotope discrimination did not differ between our northern and
southern sites despite a difference in precipitation of
125 mm in 1994. It is possible that for years with greater
environmental fluctuations carbon isotope discrimination
patterns could change, particularly at the drier sites.
However, normal fluctuations in environmental conditions did not alter the way in which these boreal species
balance water loss and carbon gain.
Within the last few years, the effects of vegetation on
global processes have been incorporated into GCM models (Sellers et al. 1996). To scale plant responses up to
higher levels of organization, the concept of functional
groups of plants has been proposed (Bazzaz 1993; Chapin 1993; Smith et al. 1993; Körner 1994a; Box 1995).
Box (1995) pointed out three contrasting approaches for
grouping plants into functional types: an ecological approach based on structural characteristics, a physiological approach based on plant internal functions, and a
geophysical approach based on plant interactions with
the atmosphere. The ecological approach of using life
forms as potential functional groups has gained wide appeal since life forms are easily recognized, and have
been characterized for most of the world’s biomes (Chapin 1993; Dawson and Chapin 1993; Box 1995). Chapin
(1993) argues that life forms are a logical link between
physiology and ecosystem or global processes because
species within a life form share similar physiological
traits, and these traits can have important ecosystem consequences. We provide evidence that species within a life
form do indeed have similar physiological traits, and can
be used as functional groups for scaling and integrating
the ways in which plants balance water and carbon fluxes within boreal communities. Carbon isotope discrimination integrates over both the physiological and geophysical levels (Farquhar et al. 1989) In addition, our results indicate that ∆ also includes information at the eco-
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logical level: ∆ differences among life forms were based
on structural differences (plant height and leaf longevity)
and were stable both temporally and spatially within the
boreal forest biome. Therefore, life forms integrate aspects of all three approaches to functional grouping of
plants. Furthermore, we hypothesize that life forms can
potentially be used in other biomes as well. The model
of Lloyd and Farquhar (1994) predicted that deciduous
and evergreen biomes would differ in terms of carbon
isotope discrimination. Smedley et al. (1991) found that
life forms within more arid grassland communities also
varied in carbon isotope discrimination. Thus, the use of
life forms for classifying physiological characteristics
may be more general, and not restricted to desert and
boreal forest communities. These data strengthen the argument that life-form groupings can be used to integrate
plant responses at the physiological, ecological, and geophysical levels, and that this integration can be used over
large areas.
&p.2:Acknowledgements We thank S. Berry, D. Kubien, K. Rapp, L.
Sperry, G. Varney and S. Veltman for help with data collection.
Special thanks to C. Cook and C. F. Kitty for their help with stable
isotope analysis. This research was supported by a grant from
NASA BOREAS to J.R.E., and by grants from the Natural Sciences and Engineering Research Council of Canada to L.B. F.N.B.
was also supported by a Feodor-Lynen fellowship of the Alexander-von-Humboldt Stiftung.

References
Bazzaz FA (1993) Scaling in biological systems: population and
community perspectives. In: Ehleringer JR, Fields CB (eds)
Scaling physiological processes: leaf to globe. Academic
Press, San Diego, pp 233–254
Berry SC, Varney GT, Flanagan LB (1997) Leaf δ13C in Pinus
resinosa trees and understory plants: variation associated with
light and CO2 gradients. Oecologia (in press)
Botkin DB, Janak JF, Wallis JR (1972) Some ecological consequences of a computer model of forest growth. J Ecol 60:849–872
Box EO (1995) Factors determining distribution of tree species
and plant functional types. Vegetatio 121:101–116
Brooks JR, Flanagan LB, Varney GT, Ehleringer JR (1997) Vertical gradients of photosynthetic gas exchange and refixation of
respired CO2 within boreal forest canopies. Tree Physiol
17:1–12
Buchmann N, Gebauer G, Schulze E-D (1996) Partitioning of 15Nlabeled ammonium and nitrate among soil, litter, below- and
above-ground biomass of trees and understory in a 15-year-old
Picea abies plantation. Biogeochemistry 33:1–23
Buchmann N, Kao W, Ehleringer J (1997) Influence of stand
structure on carbon-13 of vegetation, soils, and canopy air
within deciduous and evergreen forests in Utah (USA).
Oecologia (in press)
Chabot BF, Hicks DJ (1982) The ecology of leaf life spans. Annu
Rev Ecol Syst 13:229–259
Chapin FS (1993) Functional role of growth forms in ecosystem
and global processes. In: Ehleringer JR, Fields CB (eds) Scaling physiological processes: leaf to globe. Academic Press,
San Diego, pp 287–312
Clark LA, Pregibon D (1992) Tree-based models. In: Chambers
JM, Hastie TJ (eds) Statistical models in S. Wadsworth and
Brooks, Pacific Grove, pp 377–420
Dawson TE, Chapin FS (1993) Grouping plants by their formfunction characteristics as an avenue for simplification in scaling between leaves and landscapes. In: Ehleringer JR, Fields

CB (eds) Scaling physiological processes: leaf to globe. Academic Press, San Diego, pp 313–319
Ehleringer JR (1991) 13C/12C fractionation and its utility in terrestrial plant studies. In: Coleman DC, Fry B (eds) Carbon isotope techniques. Academic Press, San Diego, pp 187–200
Ehleringer JR (1994) Variation in gas exchange characteristics
among desert plants. In: Schulze E-D, Caldwell MM (eds)
Ecophysiology of photosynthesis (Ecological Studies 100).
Springer, Berlin Heidelberg New York, pp 361–392
Ehleringer JR, Cooper TA (1988) Correlations between carbon
isotope ratio and microhabitat in desert plants. Oecologia
76:562–566
Ehleringer JR, Field CB, Lin Z, Kuo C (1986) Leaf carbon isotope
and mineral composition in subtropical plants along an irradiance cline. Oecologia 70:520–526
Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope
discrimination and photosynthesis. Annu Rev Plant Physiol
Mol Biol 40:503–537
Field CB, Mooney HA (1986) The photosynthesis-nitrogen relationship in wild plants. In: Givnish TJ (ed) On the economy of
plant form and function. Cambridge University Press, Cambridge, pp 25–55
Field CB, Merino J, Mooney HA (1983) Compromises between
water-use efficiency and nitrogen-use efficiency in five species
of California evergreens. Oecologia 60:384–389
Flanagan LB, Brooks JR,Varney GT, Berry SC, Ehleringer JR
(1996) Carbon isotope discrimination during photosynthesis
and the isotope ratio of respired CO2 in boreal forest ecosystems. Global Biogeochem Cycles 10:629–640
Garten CT, Taylor GE (1992) Foliar 13C within a temperate deciduous forest: spatial temporal, and species sources of variation.
Oecologia 90:1–7
Gutierrez MV, Meinzer FC (1994) Carbon isotope discrimination
and photosynthetic gas exchange in coffee hedgerows during
canopy development. Aust J Plant Physiol 21:207–219
Hinckley TM, Brooks JR, Cermak J, Ceulemans R, Kucera J, Meinzer FC, Roberts DA (1994) Water flux in a hybrid poplar
stand. Tree Physiol 14:1005–1018
Hollinger DY, Kellher FM, Schulze E-D, Köstner BMM (1994)
Coupling of tree transpiration to atmospheric turbulence. Nature 371:60–62
Keeling CD (1961) A mechanism for cyclic enrichment of carbon12 by terrestrial plants. Geochim Cosmochim Acta 24:299–
313
Kelly CK, Woodward FI (1995) Ecological correlates of carbon
isotope composition of leaves: a comparative analysis testing
for the effects of temperature, CO2 and O2 partial pressures
and taxonomic relatedness on 13C. J Ecol 83:509–515
Körner Ch (1994a) Scaling from species to vegetation: the usefulness of functional groups. In: Schulze E-D, Mooney HA (eds)
Biodiversity and ecosystem function. Springer, Berlin Heidelberg New York, pp 117–140
Körner Ch (1994b) Leaf diffusive conductances in the major vegetation types of the globe. In: Schulze E-D, Caldwell MM (eds)
Ecophysiology of photosynthesis (Ecological Studies 100).
Springer, Berlin Heidelberg New York, pp 463–490
Körner Ch, Bannister P, Mark AF (1986) Altitudinal variation in
stomatal conductance, nitrogen content and leaf anatomy in
different plant life forms in New Zealand. Oecologia 69:577–
588
Körner Ch, Farquhar GD, Roksandic Z (1988) A global survey of
carbon isotope discrimination in plants from high altitude.
Oecologia 74:623–632
Körner Ch, Farquhar GD, Wong SC (1991) Carbon isotope discrimination by plants follows latitudinal and altitudinal trends.
Oecologia 88:30–40
Lange OL, Green TGA, Ziegler H (1988) Water status related
photosynthesis and carbon isotope discrimination in species of
lichen genus Psuedocyphellaria with green or blue-green photobiont and in photosymbiodemes. Oecologia 75:494–501
Lloyd J, Farquhar GD (1994) 13C discrimination during CO2 assimilation by the terrestrial biosphere. Oecologia 99:201–215

311
Marshall JD, Zhang J (1994) Carbon isotope discrimination and
water-use-efficiency in native plants of the north-central Rockies. Ecology 75:1887–1895
McNaughton KG, Jarvis PG (1991) Effects of spatial scale on stomatal control of transpiration. Agric For Meteorol 54:279–301
Nadelhoffer K, Shaver G, Fry B, Giblin A, Johnson L, McKane R
(1996) 15N natural abundances and N use by tundra plants.
Oecologia 107:386–394
Panek JA, Waring RH (1995) Carbon isotope variation in Douglasfir foliage: improving the δ13C-climate relationship. Tree
Physiol 15:657–663
Parker GG (1995) Structure and microclimate of forest canopies.
In: Lowman MD, Nadkarni NM (eds) Forest canopies. Academic Press, San Diego, pp 73–106
Reich PB, Kloeppel BD, Ellsworth DS, Walters MB (1995) Different photosynthesis-nitrogen relations in deciduous hardwood
and evergreen coniferous tree species. Oecologia 104:24–
30
Schleser GH, Jayasekera R (1985) δ13C variations of leaves in forests as an indication of reassimilated CO2 from the soil. Oecologia 65:536–542
Schulze E-D (1982) Plant life forms and their carbon, water, and
nutrient relations (Plant physiological ecology II). Springer,
Berlin Heidelberg New York, pp 615–676
Schulze E-D, Mooney HA (eds) (1994) Biodiversity and ecosystem Function. Springer, Berlin Heidelberg New York
Schulze E-D,Chapin FS, Gebauer G (1994) Nitrogen nutrition and
isotope differences among life forms at the northern treeline of
Alaska. Oecologia 100:406–412
Sellers PJ, Bounoua L, Collatz GJ, Randall DA, Dazlich DA, Los
SO, Berry JA, Fung I, Tucker CJ, Field CB, Jensen TG (1996)
Comparison of radiative and physiological effects of doubled
atmospheric CO2 on climate. Science 271:1402–1406

Shugart H (1990) Using ecosystem models to assess potential consequences of global climate change. Trends Ecol Evol 5:303–
307
Smedley MP, Dawson TE, Comstock JP, Donovan LA, Sherrill
DE, Cook CS, Ehleringer JR (1991) Seasonal carbon isotope
discrimination in a grassland community. Oecologia 85:314–
320
Smith T, Huston M (1989) A theory of the spatial and temporal
dynamics of plant communities. Vegetatio 83:49–69
Smith TM, Shugart HH, Woodward FI, Burton PJ (1993) Plant
functional types. In: Solomon AM, Shugart HH (eds) Vegetation dynamics and global change. Chapman and Hall, New
York, pp 272–291
Spear RW, Davis MB, Shane CK (1994) Late quaternary history of
low- and mid-elevation vegetation in the white mountains of
New Hampshire. Ecol Monogr 64:85–109
Sprugel DG (1989) The relationship of evergreenness, crown architecture, and leaf size. Am Nat 133:465–479
Stangel D, Cuenca RH, Kelly SF (1995) BOREAS Soil Water
monitoring and soil hydraulic properties (abstract). EOS Trans
Am Geophys Union 76(17) Suppl S118
Sternberg LSL (1989) A model to estimate carbon dioxide recycling in forests using 13C/12C ratios and concentrations of ambient carbon dioxide. Agric For Meteorol 48:163–173
Stewart GR, Turnbull MH , Schmidt S, Erskine PD (1995) δ13C
natural abundance in plant communities along a rainfall gradient: a biological integrator of water availability. Aust J Plant
Physiol 22:51–55
Walcroft AS, Silvester WB, Grace JC, Carson SD, Waring RH
(1996) Effects of branch length on carbon isotope discrimination in Pinus radiata. Tree Physiol 16:281–286
Williams TG, Flanagan LB (1996) Effect of changes in water content
on photosynthesis, transpiration and discrimination against
13CO and C18O16O in Pleurozim and Sphagnum. Oecologia
2
108:38–46

