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Abstract Based on prior evidence of coordinated multiple
leaf trait scaling, we hypothesized that variation among
species in leaf dark respiration rate (Ry) should scale with
variation in traits such as leaf nitrogen (N), leaf life-span,
specific leaf area (SLA), and net photosynthetic capacity
(A,,,). However, it is not known whether such scaling, if
it exists, is similar among disparate biomes and plant
functional types. We tested this idea by examining the
interspecific relationships between Ry measured at a
standard temperature and leaf life-span, N, SLA and
Anay for 69 species from four functional groups (forbs,
broad-leafed trees and shrubs, and needle-leafed coni-
fers) in six biomes traversing the Americas. alpine tun-
dra/subalpine forest, Colorado; cold temperate forest/
grassland, Wisconsin; cool temperate forest, North
Carolina; desert/shrubland, New Mexico; subtropical
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forest, South Carolina; and tropical rain forest, Ama-
zonas, Venezuela Areabased Ry was positively related
to area-based leaf N within functional groups and for all
species pooled, but not when comparing among species
within any site. At al sites, mass-based R4 (R4.mass) de
creased sharply with increasing leaf life-span and was
positively related to SLA and mass-based A,,, and leaf
N (leaf Ngass). These intra-biome relationships were
similar in shape and slope among sites, where in each case
we compared species belonging to different plant func-
tional groups. Significant Ry.mass—Nmass F€lationships
were observed in al functional groups (pooled across
sites), but the relationships differed, with higher Ry at any
given leaf N in functional groups (such as forbs) with
higher SLA and shorter leaf life-span. Regardless of
biome or functiona group, Ry.mass Was well predicted by
all combinations of leaf life-span, Ny, and/or SLA
(> 079, P < 0.0001). At any given SLA, Ry.mass
rises with increasing Np.ss and/or decreasing leaf life-
span; and at any level oOf Npass, Ramass 1S€S With
increasing SLA and/or decreasing leaf life-span. The
relationships between R4 and leaf traits observed in this
study support the idea of a global set of predictable
interrelationships between key leaf morphological,
chemical and metabolic traits.

Key words Respiration - Leaf life-span - Specific leaf
area - Nitrogen - Functional groups

Introduction

Leaf dark respiration is among the most fundamental
plant physiological processes and plays a maor role in
the carbon cycle at scales from the leaf to the globe.
Despite its importance, we know far less about local and
global patterns of interspecific variation in leaf dark
respiration rate (Ry) than for other leaf traits such as
nitrogen (N) concentration, net photosynthetic capacity
(A,,,), and life-span. It has long been recognized that
R4 and these other leaf traits are related in a genera
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sense to each other, but a lack of comparable data on Ry
among species, ecosystems and biomes limits evaluation
of such relations.

R4 has been found to be positively correlated with
leaf N in both interspecific (Ryan 1995; Reich et al.
1998b) and broad interpopulation comparisons (Reich
et al. 1996), but studies of intraspecific relationships
have had mixed results (e.g., Pavlik 1983; Byrd et a.
1992; Poorter et a. 1995). Among species, mass-based
Apax and leaf N (Npass) levels are usually positively re-
lated to each other and negatively related to leaf thick-
ness/density (low specific leaf area, SLA) and longevity
(Field and Mooney 1986; Reich et al. 1991, 1992), but
we know of no large multi-species data set that examines
these relationships involving Rg.

We hypothesize that variation in Ry among species
should scale proportiondly with variation in A,,, and
associated leaf traits, because high A,,, requires large
complements of enzymes and other metabolites which
have substantial maintenance costs and require periodic
(and costly) resynthesis  However, it is not known
whether such scaling exists, nor, if it does, whether it is
similar among disparate biomes and plant functional
types. Given the documentation of global convergence
in interspecific leaf trait relationships involving A,,,
(Reich et al. 1992, 1997) we hypothesize that a similar
convergence exists with respect to interspecific variation
in Ry, due to constraints on the combination of leaf
traits that occur in any given species (Coley et a. 1985,
Field and Mooney 1986, Reich et al. 1992, 1997). For
instance, if there was selection for low Ry in low light
habitats this would likely result also in low Ng,. and
ALaxs coOnversely selection for high Nyp.e and A,,, in
high resource environments would necessarily result in
high R4 Thus, we hypothesize that interspecific rela-

Table 1 Description of the six study sites and related ecosystems
used in the study. Annua climate data [mean temperature (Temp),
mean annual precipitation (Precip) and potentia evapotranspira-

tionships of Ry with other leaf traits will be similar
among diverse biomes and plant functional groups. To
test this and related questions, we quantified R, SLA,
leaf N and leaf life-span, and their relationships, for 9-
15 species within each of six sites representing different
broadly-defined biomes traversing the Americas. Our
sites represent a range of hiomes that vary in growing
season length, mean air temperature, elevation, water
availability, and soil fertility: alpine tundra and suba-
pine forest/meadow, Colorado, United States; cold
temperate forest and prairie, Wisconsin, United States;
humid cool temperate montane forest, North Carolina,
United States; arid desert/shrubland, New Mexico,
United States; subtropical coastal plain forest, South
Carolina, United States; and humid tropical rain forest,
Amazonas, Venezuela. At each site we sampled plants
from four different functional groups (15-24 of each
pooled across sites).

Methods
Sites, species, and ledf traits

Six dtes were selected to provide a wide range of ecosystem types
(summary data are presented in Table 1). Two sites (Colorado and
Wisconsin) were located at the ecotone between biomes and include
species common to both biomes.

We studied conifers, hardwood trees and shrubs, and forbs at
Niwot Ridge, Colorado, a high elevation site (3200-3500 m)
characteristic of alpine tundra and subalpine open forest-meadow
of the Rocky Mountains. Soils at the site were largely coarse-tex-
tured Inceptisols. In Wisconsin, we studied prairie and understory
forbs, woody shrubs, and hardwood and coniferous forest tree
species in restored and native cold temperate communities at the
University of Wisconsin Arboretum, in Madison. Soils were largely
medium-textured silt loams (Alfisols). We studied montane cool
temperate forests located at 700-850 m elevationat the Coweeta

tion (PET)] are shown for the meteorological station nearest to the
main study area a each Ste. PET was caculated from open pan
evaporation or the equivaent

Site Location Ecosystem Elevation Temp Precip PET

type (m) O (mm) (mm)
Niwot Ridge, 40°03'N, 105°36'W Alpine tundra and 3,200-3,510 -3.7 930 300
Colorado, USA subalpine

forest-meadow

ecotone
Madison, 43°02'N, 89°28'W Cold temperate 275 8.0 820 700
Wisconsin, USA forest and prairie
Coweeta, North 35°00'N, 83°30'W Montane temperate 700-850 125 1829 856
Carolina, USA forest
Sevilleta, 34°37'N, 106°54 Desert grassland, 1,400-1,890 13.0 222 2428
New Mexico, USA to 106°69'W shrubland and

pinyon-juniper

woodland
Hobcaw, South 33°20°N. 79°13'W Warm temperate/ 34 18.3 1295 1656
Carolina, USA subtropical forest

and pocosin
San Carlos, 1°56'N, 67°03'W Tropica rain forest 120 26.0 3560 1971
Amazonas,

Venezuda




Hydrological Laboratory, Otto, North Carolina. Soils at this site
were principally clay loam Ultisols. We studied a number of
common forbs, broadleafed deciduous and evergreen hardwood
and coniferous forest tree species.

Desert shrubland and pinyon-juniper woodland vegetation were
studied a Rio Salado in the Sevilleta National Wildlife Refuge,
New Mexico, a site representative of Chihuahuan desert grassand
and shrubland (1540 m elevation). Severd additional species were
also studied in the nearby Rio Grande floodplain (1400 m eleva
tion) or in pinyon-juniper woodland in the Los Pinos Mountains
(1860 m elevation). Soils are sandy and classified as Aridosols of
Haplargids-Torripsamments construction. On the lower coastal
plain of South Carolina we studied species from sandy upland pine-
dominated forests and forested wetlands on the Hobcaw Forest,
which occupies the southern tip of the Waccamaw Peninsula. We
studied deciduous and evergreen species from both broad-leafed
and needle-lesfed species groups. The climate of the area is mari-
time, warm temperate/lhumid subtropical. A tropica rain forest ste
was located in the northern Amazon basin near San Carlos del Rio
Negro, Venezuela. Eleven species were studied in primary and
secondary rain forest communities (Reich et al. 1991). The San
Carlos region is characterized year-round by abundant rainfall and
stable, warm temperatures.

At each site we selected species expected to provide a gradient
of leaf traits (based on prior general knowledge) and that were
relatively abundant. Species from four functional groups were
studied: forbs, broad-leafed shrubs and trees, and needle-leafed
trees (Table 2). All four functional groups were represented in at
least five of the six sites. Efforts were made to ensure that both
broad-leaf and needle-leaf species with deciduous and evergreen
habits were included in the sample population when present a a
site. Several leaf traits were measured for numerous individuals of
each species. Average leaf life-span was measured primarily using
a long-term demographic census of individual leaves, while net
photosynthetic capacity under light-saturated conditions was
measured in the field under ambient CO, concentrations using a
standardized protocol (see Reich et a. 1991, 1997).

Since leaf life-span varies substantially among species, and leaf
traits within species vary with leaf age as well, contrasts of Rgq with
Amax, leaf N and SLA were made using leaves of a similar “phys-
iological” age rather than a similar chronological age. We used
fully expanded young to medium-aged leaves of al species, which
corresponds to the period when many leaf traits are relatively stable
(Reich et a. 1991, 1996). Gas exchange measurements were made
from June to August (19861993) in the U.S. and in January in
Venezuela (1987-1990). To minimize the potentially confounding
influence of shade, to the extent possible we selected ““sun” leaves
growing in relatively open conditions for al species at al dtes.
Measurements were made on open-grown plants in al herbaceous
dominated communities and usually were made for open-grown
trees or shrubs, or saplings or young trees in gaps, or for mature
trees in the upper canopy. Although variation in leaf light micro-
environment might have impacted on R4, especialy when expressed
on an area bass (largely via impacts on SLA), interspecific differ-
ences in this study were large enough (e.g., R4 varies 10- and 20-
fold on mass and area bases, respectively) that a lack of full control
over leaf light microenvironment would not have likely made sig-
nificant impact on the results. Moreover, since foliage of al species
was fully expanded and/or elongated at the time of measurement
(but secondary thickening and lignification continue over the leaf
life-span), respiration from these leaves can be considered to
represent largely maintenance respiration, because growth and
congtruction respiration are minimal (Ryan 1995).

Respiration measurements

Dark respiration (Rq) was measured on detached foliage after
> 1 h in darkness, using a portable leaf chamber and infrared gas
analyzer operated in the differential mode (ADC model LCA-2,
Hoddesdon, Herts.,, UK). Measurements of R4 were made at 25°C
at al sites. Checks of severa species were made to determine
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whether Ry measurements on detached foliage were different than
for intact foliage, but no significant differences were found (data
not shown). Moreover, K. Mitchell, P. Bolstad and J. Vose (un-
published work) report no difference in respiration rates for intact
and detached foliage of four tree species measured across severa
temperatures. Nonetheless, it is possible that measurements made
in this way differ from measurements of intact foliage. However,
the magnitude of such potential errors is likely to be smal com-
pared to the range of Ry rates (10- to 20-fold) among species and is
likely to be systematic (i.e., occur for al species), thus resulting in
additional unexplained variability in the results without affecting
the general tendencies or patterns.

Data are expressed on both mass and area bases in this study.
Expression of net CO, exchange rates on both bases is valuable,
since each provides different information (Reich et a. 1992; Reich
and Walters 1994). Comparing species R4 on a mass basis could be
complicated by intraspecific temporal (diel or seasonal) and/or
gpatial (due to light microenvironment) variation in leaf starch (i.e,
changes in starch levels could in theory affect mass-based rates
without affecting total Ry per leaf). Although some species show
diel variaion in mass-based R4, we have not found this previoudy
in woody plants (e.g., Walters et a. 1993). In surveying the liter-
ature for perennia species such as used in this study, we found that
starch concentrations of foliage during the active growing season
(i.e., significantly after budbreak) vary markedly, and are often
higher in evergreen conifers (mean 70 mg/g) than in broad-leaved
deciduous species (usually < 30 mg/g)(data not shown). However,
such diel and seasonal variation was likely to be randomly incor-
porated in our data set.

Even assuming that any starch concentration from O to 140 mg/
g is equdly likely in foliage of an evergreen conifer, the standard
deviation among random samples would be 41 mg/g (or 4% of total
leaf dry mass). Thus, unaccounted-for variation in starch concen-
tration could result in variation in mass-based Ry by 4% on average
for evergreen conifers (and by <2% in species with short-lived
leaves). Since the average mass-based Ry for conifers in this study
was 5 nmol g 's™!, unaccounted-for variation in starch means the
true mean value is likely somewhere between 4.8 and 5.2 nmol g™
s™.. Given the large interspecific variation in our data set (total
range from 3 to 65 nmol g™'s™'; average mass-based Ry for de-
ciduous broad-leaved woody species of 13 nmol g™'s™' and for
forbs 27 nmol g~'s™"), it seems likely that intra- and inter-specific
variation in starch concentrations would have minimal effect on the
interspecific patterns reported in this paper. Alternatively, SLA aso
changes ontogenetically during the course of leaf development, and
varies seasonally and with light environment; and typically, by
proportionally more than starch concentrations. Thus, comparing
species R4 on an area basis adso may be complicated in this or any
other study because this measure is aso unlikely to be static. The use
of a common ontogenetic stage among al species, as done herein,
should minimize these concerns for measurements on either basis.

After measuring Ry the projected surface area of the leaf or its
silhouette was assessed by a digital image analysis system (Decagon
Instruments, Pullman, Wash., USA). All leaves were then dried,
weighed and assayed for N concentrations. Total surface area of
sampled foliage was dso calculated for all species based on their
geometry. The results of this study were similar if total rather than
projected surface area was used (due to the large interspecific
variation). However, the quantitative relations differ dightly, since
the ratio of tota:projected surface area differs for needle-shaped
than planar surfaces. Since projected area was measured, while
total surface area was estimated indirectly, area-based data are
expressed on a projected area basis.

Data on R4 were compared with data for the following other
leef traits: leaf life-span, SLA, N and A,,,. These auxiliary data
were measured on either the identical leaves (SLA, N) used for Rq4
measurement, or on leaves from the same branch (leaf life-span and
Amax)- FuUll details on how each of these were obtained are de-
scribed in a companion paper (P. Reich, D. Ellsworth, M. Walters,
J. Vose, C. Gresham, J. Volin, and W. Bowman, unpublished
work). The data set is “species-based”’. In statistica analyses and
the plotted data, individual data points represent the average for a
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Table 2 List of gites, species, and data

Location

Species Functional L eaf Ledf life SLA Leaf N Ry, darea
group Type span (mo) (cm’g™) (mg g™ (nmol (nmol
g—ls—l) m—ZS—l)
Colorado Acomastylis rosii Forb Broad 2.0 119.0 25.0 20.9 18
Colorado Bistorta bistortoides Forb Broad 2.0 121.0 39.0 28.4 2.3
Colorado Psychrophila leptosepala Forb Broad 25 126.0 29.0 153 1.2
Colorado Salix glauca Shrub Broad 3.0 122.8 26.3 17.7 14
Colorado S. planifolia Shrub Broad 3.0 123.0 26.7 24.8 2.0
Colorado Vaccinium myrtillus Shrub Broad 35 171.0 234 10.6 0.6
Colorado Arctostaphylus uva-ursa Shrub Broad 18.0 78.4 12.3 53 0.7
Colorado Pinus  flexilis Tree Needle 36.0 27.3 11.2 4.0 15
Colorado Picea engelmanii Tree Needle 90.0 32.7 10.3 3.2 1.0
Colorado Abies lasiocarpa Tree Needle 96.0 39.3 10.3 35 0.9
N. Carolina  Podophyllum peltatum Forb Broad 3.0 323.0 41.5 26.8 0.8
N. Carolina  Veratrum parviflorum Forb Broad 3.6 297.0 - 18.6 0.6
N. Carolina  Helianthus microcephalus Forb Broad 4.1 251.0 26.2 35.8 14
N. Carolina  Robinia pseudoacacia Tree Broad 4.6 264.0 43.3 32.0 12
N. Carolina  Eupatortum rugesum Forb Broad 4.8 469.0 39.2 44.7 1.0
N. Carolina  Acer rubrum Tree Broad 52 160.0 184 12.8 0.8
N. Carolina  Liriodendron tulip&era Tree Broad 53 165.0 224 14.0 0.8
N. Carolina  Quercus coccinea Tree Broad 5.7 118.0 17.3 11.5 1.0
N. Carolina  Galax aphylla Forb Broad 18.0 125.0 8.9 9.7 0.8.
N. Carolina  Pinus strobus Tree Needle 21.0 92.0 135 5.2 0.6
N. Carolina  P. rigida Tree Needle 33.0 48.9 11.6 5.2 11
N. Carolina  Kalmia latifolia Shrub Broad 36.0 94.5 11.5 8.9 0.9
N. Carolina  Rhododendron maximum Tree Broad 48.0 48.9 8.6 38 0.8
N. Carolina  Tsuga canadensis Tree Needle 60.0 81.6 9.9 31 0.4
New Mexico Baccharis angustifolia Shrub Broad 2.5 105.0 195 17.3 1.6
New Mexico Eleagnus angustifolia Tree Broad 3.0 124.0 39.8 234 1.9
New Mexico  Populus fremontii Tree Broad 3.0 83.8 16.6 14.6 17
New Mexico  Gutierrezia sarothrae Forb Broad 6.0 33.9 16.8 14.3 4.2
New Mexico  Atriplex canescens Shrub Broad 7.0 39.7 21.0 12.3 31
New Mexico  Prosopis glandulosa Shrub Broad 7.0 51.2 24.9 8.7 17
New Mexico  Quercus turbinella Shrub Broad 8.0 66.0 15.4 9.9 15
New Mexico Larrea tridentata Shrub Broad 12.0 39.6 194 7.8 2.0
New Mexico Juniperus monosperma Tree Needle 78.0 12.8 11.7 4.8 37
S. Carolina Pterocaulon pycnostachyum Forb Broad 51 123.6 19.7 154 1.2
S. Carolina Taxodium distichum Tree Needle 6.5 78.0 11.9 10.3 13
S. Carolina Vaccinium corymbosum Shrub Broad 75 97.9 12.3 12.7 13
S. Carolina Quercus laevis Tree Broad 7.6 97.6 115 6.3 0.6
S. Carolina Q. Virginia var. geminata Tree Broad 11.0 62.9 154 5.7 0.9
S. Carolina Vaccinium arboreurn Shrub Broad 11.0 80.1 12.1 6.4 0.8
S. Carolina Persea borbonia Tree Broad 18.0 90.0 16.4 6.7 0.7
S. Carolina Lyonia lucida Shrub Broad 19.5 421 9.2 5.8 14
S. Carolina Pinys serotina Tree Needle 27.0 35.9 82 5.0 14
S. Carolina P. palustris Tree Needle 32.0 39.2 82 3.6 0.9
Venezuela Manihot esculenta Shrub Broad 15 275.1 39.8 33.3 12
Venezuela Solanum straminifolia Shrub Broad 2.0 287.4 39.2 340 1.2
Venezuela Cecropia ficifolia Tree Broad 2.7 144.6 24.7 18.0 12
Venezuela Visria lauriformis Tree Broad 45 114.3 17.9 11.0 1.0
Venezuela Vismia japurensis Tree Broad 6.9 105.4 16.4 9.3 0.9
Venezuela Bellucia grossularioides Tree Broad 8.4 78.1 16.9 7.9 1.0
Venezuela Miconia dispar Tree Broad 12.0 90.3 15.9 5.2 0.6
Venezuela Protium sp. Tree Broad 33.0 86.6 8.6 6.0 0.7
Venezuela Protium sp. Tree Broad 35.0 82.0 17.7 5.8 0.7
Venezuela Ocotea costulata Tree Broad 39.0 76.8 15.0 -5.0 0.7
Venezuela Licania heteromorpha Tree Broad 40.0 67.3 13.0 5.2 0.8
Wisconsin Erythronium americanum Forb Broad 1.9 222.0 42.0 52.0 2.3
Wisconsin Silphium  terebinthinaceum Forb Broad 3.0 133.0 14.4 17.6 13
Wisconsin Baptisia leucophaea Forb Broad 35 106.3 35.9 36.3 3.4
Wisconsin Echinacea purpurea Forb Broad 4.0 128.5 15.0 17.2 13
Wisconsin Silphium integrifolium Forb Broad 4.0 116.3 16.6 19.1 16
Wisconsin Sanguinaria canadensis Forb Broad 4.0 321.0 53.6 65.0 2.0
Wisconsin Populus deltoides Tree Broad 5.0 110.0 23.6 14.0 13
Wisconsin P. tremuloides Tree Broad 5.0 121.0 22.1 223 18
Wisconsin Acer rubrum Tree Broad 55 166.0 21.0 124 0.7
Wisconsin A. saccharum Tree Broad 55 125.0 185 7.0 0.6
Wisconsin Quercus ellipsoidalis Tree Broad 6.0 95.0 21.0 13.1 14
Wisconsin Pinus strobus Tree Needle 21.0 74.0 17.0 4.7 0.6
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Location Species

Functional

L eaf

Leaf life SLA Leaf N Rq.. Rg,.,
group Type span (mo) (em’g™) (mg g™ (nmol (umol
—ls—l) m—ZS—l)
Wisconsin P. banksiana Tree Needle 27.0 41.0 12.4 6.0 15
Wisconsin P. sylvestris Tree Needle 27.0 34.0 13.9 6.2 18
Wisconsin Picea glauca Tree Needle 60.0 35.0 124 4.0 11

single species a a single site. A simple linear regresson modd was
not appropriate to describe the-relations between Ry and other leaf
traits for pooled data, for data a each site, or for data within each
functional group (pooled across sites), because (1) the R4 data were
not normally distributed (Shapiro-Wilk W-test, P <0.01), (2)
some relationships were not linear, and (3) there was patterned
heteroscedasticity in the residuals (usually a funnel shape) of al
smple linear regressions. Therefore, we used logarithmic (base-l0)
transformations to normalize the data distribution, linearize the
regression functions and stabilize the error term variances where
appropriate. The transformed data were normally distributed. Log
transformations are often suitable for biologica data, especialy for
interspecific data, because of the common adherence of such data
to power laws (Peters 1983). Such an approach has been used
previoudy for examination of leaf trait relations (e.g., Coley 1985;
Reich et a. 1991, 1992, 1997). When leaf traits are used in re-
gression as the independent variable, there is no random sampling
variation associated with them because the species were selected by
the investigators (based on approximate knowledge of the species
leaf traits) to provide a roughly continuous range of lesf traits, and
hence type | regression is appropriate (Steel and Tonie 1980).

Data were analyzed using multiple regresson (JMP Statistical
Software, SAS Institute). We statistically compared relationships
between sites using linear contrasts (separate and same sopes an-
alyses) of the transformed variables. We used this technique to test
the hypothesis that different equations describe these relationships
in different ecosystems.

Results

Respiration in relationship to other leaf traits within
and among biomes

Mass-based dark respiration rates (Rg.mass, base tem-
perature 25°C) ranged from 3 to 65 nmol g”'s™" among

al species (Table 2, Fig. 1). Ry.mass Was closaly related
to and declined precipitously with increasing leaf life-
span, and increased linearly with increasing Np.ss and
SLA. Areabased Ry varied from 0.4 to 4.0 pmol m™2s™"
among species and declined with leaf life-span and SLA,
but highly variably, and increased with area-based leaf
N (Fig. 1).

The relationship between Rg.mass and leaf life-span
was strong at each of the six sites and for al data pooled
(r* > 0.7, Fig. 2). Separate slopes analyses were made
to test whether the dopes of the lines varied among sites
(Table 3), and if they did not, same dopes analyses were
used to test for differences in the intercept (i.e., the rel-
aive position or eevation of the lines). Based on these
analyses, sites did not differ significantly in the sope
or intercept of the Ry mass:leaf life-span relationship. A
similar approach to analyzing site differences is used for
all subsequent relationships. Individual site and pooled
data are both shown because it is difficult to see indi-
vidual site relationships in pooled data (even if separate
symbols are used), or the genera relationship from
separate individua plots. In Figs. 2 and 3 sites are paired
by mean annua temperature and figures are arrayed
left to right from cold to warm. Rg....a Was very weekly,
but significantly correlated with leaf life-span (log-
transformed) using the pooled data set (P < 0.01,
r* =0.10). However, this relationship was significant
(P < 0.05) for only one of the six sites.

At all sites and for pooled data (r* = 0.72), there were
highly significant Ry.mass — l€af Npass relations (Fig. 2).
The Ra-mass — Nmass S0pes were not different among sites,

Fig. 1 Mass- and area-based
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Table 3 Summary of multiple regression relationships to test for significant relationships and site differences. Effects were considered not

significant (NS) when P> 0.05

Dependent Independent variable Whole model Site (intercept) Slope (interaction)
variable
Variable P F ratio P vadue 7 P F raio P F
R Leaf life span < 0.0001 202.6 <0.000 1 0.79 NS NS
R SLA < 0.0001 175.7 <0.0001 0.76 < 0.0001 9.0 NS
R s Leaf Nmass <0.000 1 172.7 <0.0001 0.76 NS NS
Riyen Leaf life span 0.02 6.5 <0.0001 0.50 < 0.0001 9.8 NS
Rq,, Leaf Narea 0.01 7.2 <0.0001 0.49 0.02 3.1 NS
area SLA NS <0.000 1 0.45 < 0.0001 9.0 NS
A R < 00001 2234 <0.0001  0.82 <00001 51 NS
area Ry, < 0.0001 16.6 <00001  0.64 <00001 94 0.0005 5.0
100
g o ©
c* o -£ Qo
s » -
£% 104 - Fd_ A i
8 ox o
Z £ —e--Colorado C.-4 | _oNothCamina A -a-South Caroiina
g —o—-Wisconsin ~A=New Mexico ~{0-Venezuela
'3 10 100 10 A 10 100 1 10 100
Leaf life-span (months) Leaf fife-span (months) Leaf fife-span (months) Leaf fife-span (months)
o 1001 * 1
g~ A
§w L
E% 10 ” N 2 : :
2 —g -Oo ‘.‘"AA .
< £ —e—Colorado A _A-North Carcli i .
§ ~O~Wisconsin I Ng’( Ma‘iu;na z&g:]lgm(::r‘aohna All stes
! A 7 - 63 21 63 A1
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Fig. 2 Massbased dark respiration rate (nmol g~'s™') in relation to
leaf life-span (months) and mass-based leaf nitrogen (mg/g) for species
in each of six diverse ecosystems. Sites and ecosystems are arranged
from left to right panels by ranking (low to high) of mean annual
temperature (alpine tundra/subalpine forest, Colorado; cold temper-
ate forest and prairie, Wisconsin; mesic temperate forest, North
Caroling; desert and scrub, New Mexico, warm temperate forest,
South Caroling, tropical rain forest, Venezuela). All regressions for
Figs. 2 and 3 were significant at P < 0.001 (based on simple linear
regressions of base-10 logarithmically transformed data). Correlation
coefficients (%) for leaf Ry mass VS. leaf life-span: CO (0.92), Wi (0.70),
NC (0.78), NM (0.75), SC (0.72) and VEN (0.85). The pooled
regression relationship! 10g (Ry.mass) = 1.60-0.59 x log(leaf life-span),
P = 0.74. Correlation coefficients (r%) for 16af Ry mass vsleaf nitrogen
(mg/g): CO (0.94), WI (0.71), NC (0.80), NM (0.58), SC (0.42,
P = 0.05) and VEN (0.80). Regression relationships for pooled data;
108(Ramass) = -0.69 + 1.37 X 10g(Nase), ¥ = 0.74

nor did the intercepts differ (i.e., sites did not differ in this
relationship). Ry..ea Was significantly correlated with
Naea Using the pooled data set (r* = 0.36), but this re-
lationship was not significant (P < 0.05) at any of the six
sites (data not shown). As explained below in the Dis
cussion these apparent discrepencies between mass- and
area-based relationships result from differential variation
in SLA and N among species (see Reich and Walters 1994
for detailed explanation).

&-mass Was significantly related to SLA at every site
(average r* = 0.75) and for al data pooled (Fig. 3). For

the pooled data, SLA accounted for the vast majority of
variation in Ry mass, and the intercepts were also signif-
icantly different, but not the slopes (Table 3). In essence
the proportional scaling of Rg.mass t0 SLA was similar at
al sites, but for common SLA, Ry mass Was higher in
desert shrubland (New Mexico) than in other sites.

Aass and Ry .. Were closdly related among species
at every site (Fig. 3, mean = 0.78 for linear rela
tions). These relations were dightly better fit with a
second-order polynomial modd for four of six individ-
ual sites, and were clearly not linear for al data pooled
(r2 = 0.78 for polynomial fit). For any given Ry mass,
species in tropica rain forest (warmest site) tended to
have the highest A,,, with apine/subalpine species
from Colorado (coldest site) having the lowest A,,,,.
Aarea and Ry.area Were significantly related in four of six
sites (P <0.05), but weakly correlated (©* = 0.30)
using pooled data.

Differences in Rg-N among functional groups

Mean values for Ry and other leaf traits differed among
functional groups, athough there is substantial varia-
tion within each group (Table 4). On average, the forbs
had highest Ry.mass» SLA, and Ny.ss, and shortest |edf
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Table 4 Mean lesf traits (+ 1 SD) for functiona groups, pooled across sites

Functional group Nur_nber of Ry R4,., Ry/N Specific Ie% leaf Npass leaf Narea  Ledf life
species (nmol (pmol (umol area (cm’/g) (mg/g) (g/m”) span
g sT) m s gN"s™)
Forbs 16 273 (156) 172 (0.98) 1.00 (0.25) 188 (29) 282 (13.1) 19 (12 45 (3.8)
Broad-leafed shrubs 15 14.4 (9.4) 143 (0.63) 0.67 (0.21) 112 (20) 209 (95) 2.4 (1.4) 9.4 (9.2)
Broad-leafed trees 24 114 (7.0) 099 (0.39) 057 (0.18) 112 (9) 192 (80)  18(05) 133 (14.0)
Needlelesfed trees 14 49 (1.8) 127 (0.82) 043 (0.15) 45 (6) 116 23)  31(20)  43.9 (27.0)
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Dark respiration (nmol g's™)

Fig 3 Mass-based dark respiration rate (Rg.mass, mnol g! si) in
relation to specific leaf area (cm?/g), and mass-based net photosyn-
thetic rates (nmol g™'s™") in relation t0 Ry.mass, fOr Species in six
diverse ecosystems. All other details as in Fig. 2. Correlation
coefficients (%) for leaf Ry.mass VS. SLA: CO (0.73), WI (0.68), NC
(0.86), NM (0.72), SC (059, P = 0. 009) and VEN (0.94). Regression
relationships for pooled data: 10g(Rymass) = —0.64+0.85 x
log(SLA), = 0.60. Corrdation coefficients (,2) for linear regres-
sonsof leaf A, , VS. Rymasss CO (0.92), WI (0.80), NC (0.91), NM
0.69), SC (051, P = 0.02) and VEN (0.88). These relations were
more accurately fit with polynomia regression for al sites except NC
and VEN; and these correlation coefficients increased by between 0.06
to 0.10 over the linear ones

life-span, with needle-leafed conifers at the other ex-
treme, and broad-leafed shrubs and trees intermediate.
Although Ry_mass in conifers was only 18-43% as great
as in the other functional groups, Rg.area WasS in @ com-
parable range. The Rgy-leaf N relationships were gener-
ally highly significant in all functional groups (Fig. 4,
Table 5). However, they differed in several important
ways among groups. In general, at any given level of leaf
N (mass or area), R4 tended to be lowest in needle-leafed
conifers, intermediate in the two broad-leafed groups
(which were similar) and highest in the forbs.
Mass-based Rqs— N relationships were significant at
each site and for every functional group. In contrast,
area-based Ry~ N relations were significant for all
functional groups, but not among species at any site.

Dark respiration {nmol g™'s™")

Dark respiration (nmol g s™*) Dark respiration (nrnol g*s™)

Ry in rdation to multiple leaf trait combinations

We explored additional ways of examining leaf trait, site
and functional group effects on Ry. Using multiple re-
gression, neither site nor any interaction involving site
was significant (P > 0.1) in models with Ry as the de-
pendent variable and including site and two or three of
the following (leaf life-span, N and SLA) as independent
factors. This indicates that site differences in Ry relations
(noted in analyses which included sites and single leaf
traits) disappeared when two or more leaf traits were
included as independent factors in the analysis. Rg.area
was significantly related to the combination of N, and
leaf life-span (#* = 0.62) or Naea and SLA (> = 0.49)
(Table 6). Multiple regressions showed, regardliess of
biome, that Rga.mass Was highly correlated with the dua
combinations of Npass and SLA, leaf life-span and SLA,
and Nomass and leaf life-span (all P < 0.001, r*> 0.79,
Fig. 5, Table 6). At any level of SLA, Ry.mass FiSes with
increasing Npas and/or decreasing leaf life-span; and at
any level of Nmass, Ra-mass 1Ses with increasing SLA and/
or decreasing leaf life-span. Using multiple regression
(Table 6), Ry.mass Was significantly related to leaf life-
span, leaf Npya.ss and SLA (and no interactions) (all
factors P < 0.001, r* = 0.85) and the observed:pre-
dicted relationship was close to the 1:1 line (Fig. 6).
Thus, leaf structure, longevity and chemistry collectively
are highly associated with leaf Ry.mass-
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Table 5 Regression satistics describing the relationship between Ry
and leaf nitrogen content. For mass-based regressions the depen-
dent variable is 10810 Ramass (Mol ™' s™") and the independent
vaiable is 1089 Nass (mg/g). For arearbased regressions, the de-

pendent variable is Ry area (Mmolm 2s™Y) and the independent
variable is Narea (g/m*). Species arranged by functional groups for
data pooled from six biomes: forbs, broad-leafed shrubs, broad-
leafed deciduous trees; and needle-leafed evergreen trees

Group n Mass-based regressions Area-based regressions
Y-intercept slope P<F r Y-intercept dope P<F I
Forbs 15 0.10 0.91 0.000 1 0.74 0.03 0.77 0.000 1 0.74
Broad-leafed shrubs 15 -0.32 1.10 0.0001 0.69 -0.08 0.80 0.0001 0.57
Broad-leafed trees 24 -0.62 128 0.0001 0.72 -0.19 0.68 0.011 0.26
Needle-leafed 13 0.06 0.55 0.088 0.24 -0.44 1.05 0.0001 0.85
evergreen trees
All species 68 -0.69 1.37 0.0001 0.74 -0.11 0.63 0.0001 0.38
'g: 1 i ' ) i 1 1 1 1 1 1 3 ) 1 N
,.6, 63 Forbs . ° Broad-leaved shrubs | | _| Needie-leaved evergreens |
B 2 oo - o -
E 25 ] . ~ | . 3 | L]
< . .3 ‘e . . L
= 10 ® ® ) L] i
[ 1 3 1 ® ° ® I I 2
£ _ < L L oo L
5 44 1 o F g :j’;'/. L
5 10 16 25 40 63 10 16 25 40 63 10 16 25 40 63 10 16 25 40 63
leat nitrogen (Mg/g) leaf nitrogen {Mg/g) leaf nitrogen (Mg/g) leaf nitrogen (Mg/g)
t;w l Btom;-lmold s!ml:bo * ! I ] Broﬂ;-le:veld !roels ‘ I | N«dllo-le—avLed .\Irergrelent I
g L] o’ S L % ° L ]
5 e V",‘/:/ K
p o T r R ® N
& 044 . S 1
=~ - T T LR T T T T T T T T T T Ly
8 10 15 25 40 63 16 18 25 40 63 10 16 25 40 63 10 16 25 40 63
teaf nitrogen {g/m?) leaf nitrogen (ghn?) leaf nitrogen (g/m?) leat nitrogen (g/m?)

Fig. 4 Mass and areabased dark respiration rates in relation to
mass- and arearbased leaf N for species pooled across sites, grouped
into functional groups (based on simple linear regressions of base-10
logarithmicaly transformed data). All regressions were significant at
P < 0.001, except for mass-based R4-N in the conifers (P = 0.08).
Regression relationships are given in Table 5

Unlike site, functional group was a significant factor
in multiple regression analyses for R4 even when leaf
life-span, leaf Ngass and SLA ‘were included in the
model, and it dightly increased the eXJoIained variance
(all factors P < 0.05, whole model »~ = 0.89). This
resulted from significantly higher Ry.mass fOr forbs than
for woody plants (shrubs, broad-leafed trees and coni-
fers were similar) standardized to a common SLA, Npass
and leaf life-span. Thus, predicting Rg-mass based solely
on leaf traits for this data set would dightly under-predict
measured vaues for forbs. However, given the relatively
small sample size in each functiona group, only one or
two samples can markedly alter these relationships. A
data set with greater numbers of species in each func-
tiona group would be needed to clarify whether or not
functional groups did generaly differ in Rgy-leaf trait
relationships even after standardizing for SLA, Nmass
and leaf life-span.

Site differences in leaf traits and their relationship
to climate

For al species and sites pooled, Rg-mass Measured at
25°C was approximately 13% of A,,,, (measured at
ambient conditions usually between 20 and 30°C), which
would correspond to 9.5% of A,,,, a 20°C, and 6% of
Amass @ 15°C assuming a common Q¢ of 2 for respi-
ration and minimal variation in A,,, over that tem-
perature range. Measures of Ry.mass (Made at 25°C) were
not directly related to variation among sites in mean
annual temperature (data not shown), nor was annud
or growing season temperature significant in multiple
regression analyses. However, the ratio Amass: Ra-mass
increased with mean annual temperature (P = 0.05,
r* = 0.66). Respiration measured at 25°C represented
the largest fraction (16%) of A,,, in the coldest site
(Colorado) and the lowest proportion (8%) in the
warmest site (Amazonas). Given the relatively low
number (six) of sites in the current study, clarification of
the generdity of this pattern will await a comparison
based on a larger number of sites. Additionaly, this
pattern should not be interpreted as suggesting that the
in situ relationship between A,,,, and Ry varies across



Table 6 Summary of sdignificant multiple regression relationships.
All dependent and independent variables are on a log;e basis. Site
was not a significant factor in any multiple regression analysis. All
factors included were significant at P < 0. 001. Units and ab-
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breviations: mass-based dark respiration (Rq,,.), mnol g7's7!:
mass-based leaf N (Npass), mg/g; specific leaf area (SLA), T /g
leaf life-span (months); area-based dark respiration (Rg,..), umol

m “s”; arearbased leaf N (Nirea), g/m

Dependent variable Regression relationship

r2

log (Rdpas)

= 0.08 + 0.66 X 10g (Npass) + 0.20 X log (SLA) ~ 0.28 x log (leaf life span) 0.85

= 0.78 + 0.34 x log (SLA) — 0.44 x log (lef life span) 0.79

= -0.94 + 0.37 x log (SLA) + 1.00 x log (Nmass) 0.79

= 0.39 + 0.77 X 10g (Nmass) — 0.34 x log (leaf life span) 0.54

log (Rd,ea) = 0.07 + 0.77 X 10g (Narea)— 0.23 x log (leaf life span) 0.64
= -0.95 + 1.00 x log (Narea) + 0.37 x log (SLA) 0.50

sites, with Ry a greater fraction of net photosynthesis at
colder sites. It is likely that such large inter-site differ-
ences would not occur for plants if both A,,,, and R4
were measured in their native therma environments,
since much lower average growing season air tempera
tures at high eevations in Colorado (maximum mean
monthly temperature of 8°C) than in Amazonas would

proportionally reduce in situ respiration rates more than
photosynthesis.

Discussion

Variation in Ry-leaf trait relationships among biomes
and functional groups

These data generally support the main hypothesis, that
interspecific multiple leaf trait relationships involving R4
will be similar among both diverse biomes and plant
functional groups. However, this similitude holds true
more for cross-site than cross-functional group com-
parisons when individual pairs of traits are compared,
rather than multiple trait combinations. Consistent
regressions for data from six biomes suggests that the
interspecific relationships between R4 and individually,
leaf life-span, Npyass, SLA, and A,,,,, are universal
across diverse sites, ecosystems and biomes, with pat-
terns as depicted in Figs. I-5. Taken together with data
from companion papers (Reich et a. 1997, 1998a), these
data demondtrate that regardless of terrestrial ecosystem
type, species with short leaf life-spans generally have
“thin” (high SLA) leaves with high Npass, high Amass,
and high Ramass, With the reverse true for species with
tough, long-lived leaves. Species tend to have a set of
linked leaf traits, with SLA, leaf life-span, leaf Nmass,
Amass and Ry.mass Of each species generaly falling to-
gether somewhere along a continuum of these coordi-
nated leaf traits (Reich et al. 1997).

For species within four broad functional groups, Rga
was highly significantly related to leaf N on both mass
and area bases. The proportional variation in Ry with
respect to N was roughly similar among functional
groups, but at any given level of leaf N, Rq was highest
in forbs (with high SLA and short leaf life-spans) and
lowest in needle-leafed conifers (with low SLA and long
leaf life-spans). This is likely due to the combined in-

terrdlationships of SLA, leaf life-span, N and Ry (see
below). Moreover, it suggests that modeling R4 based on
leaf N aone is likely to be more accurate within func-
tional groups than for all species pooled, while a better
approach would utilize a combination of leaf traits
rather than N alone.

These data on functional group differences indicate
that in a common environment forbs likely have higher
respiratory costs for any given level of leaf N than woody
broad-leafed species, with needle-leafed conifers having
the lowest. Forbs also have greater maximum photo-
synthetic gains at a given level of leaf N than than woody
broad-leafed species with needle-leafed conifers again
having the lowest (Reich et al. 19984). These functional
group differences are largely due to their differences in
leaf morphology (SLA) which additively (along with leaf
N) influence both Ry (this paper) and photosynthetic
capacity (Reich et al. 1998a). Such functional group
differences in potential carbon gains and losses per unit
standing pool of N could play an important role in the
carbon balance of individual plants and differentially
influence relative success of different species in varying
resource habitats where Ry carbon costs vary as a pro-
portion, of photosynthetic carbon inputs.

Although several previous studies have addressed
relationships between A,,, and other leaf traits, there
are far fewer reports comparing R4 with leaf traits (but
see Ryan 1995; Reich et al. 1996). Those studies com-
paring interspecific or interpopulation variation in R4-N
suggest there is often a linear increase in Ry.mass With
increasing Npyass, COMparable to that seen in our broad
survey. Similarity in the mass-based R4-N relationship
among species in six biomes supports the idea that thisis
a broad universal relationship among species. However,
this broad relationship is stable across only the entire
array of plant species, since in fact there are different
R4-N relationships among functional groups, associated
with their differences in SLA and leaf-lifespan.

It is important to point out Why R4 mass~Nmass l€la-
tionships do not differ among biomes (Fig. 2, Table 3),
despite the fact that the overal relationship for pooled
data includes a series of dightly, but significantly dif-
ferent relationships for functiona types that differ in
SLA and leaf life-span_ Comparison of species at each
site includes contrasting species that broadly differ in
leaf traits and range from low Nyass, low SLA and long
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Fig. 5 Leaf dark respiration in relation to the combination of SLA
and leaf N, SLA and leaf life-span, and leaf N and leaf life-span, for
69 species from six biomes. Regression statistics are given in Table 6

leaf life-span to high Ngass, high SLA and short leaf life-
span; thus the comparison simultaneously spans gradi-
ents of all three leaf traits. Hence, given that species with
a comparable range of linked traits are found on all
sites, the site-specific R4—IN relationships (across a range
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Fig. 6 Observed vs. predicted leaf dark respiration rate for species
from four functional groups and six biomes, using multiple regression
of respiration on the combination of leaf life-span, specific ledf area,
and mass-based leaf N (regression given in Table 6)

of species) follow roughly the same overall pattern,
because they all contrast the same multiple trait gradi-
ent. In contrast, within-group R4+N relationships differ

among functional groups because each group differs in
leaf traits.

Area- and mass-based expression and interpretation

The Ra-mass ~-Nmass elationship was significant, not only
among species at each site, but among species within
functional groups pooled across sites. In contrast, vari-
ation in Ry ,.a among species was unrelated t0 Nyre, in
any site in this study, but was strongly correlated with
N.rea Within functional groups across sites. These data
suggest that there is not a fundamental Ry.area -t0-N,,
relationship among all species. This mirrors the finding
of no generalized A,,, — N, relationship among spe-
cies (Reich et al. 1991, 1992, 1998a). Species with vastly
different SLA and Npass Can have similar Nyea, giving
rise to considerable scatter in the Rg.area — Narea rela-
tionship among the range of species found at a site.

However, within a group where SLA and Nyass do not
vary as widely, the Ry area-t0-Narea relationship is signi-
ficant, because leaves with higher N,., also tend to have
equal or higher Ngass.

The slopes of the overall (all species) Rq-N relation-
ships were lower when both variables were expressed on
an area than a mass basis (Table 5). This is consistent
with comparisons of area- and mass-based A,,,-N re-
lations (Reich and Walters 1994). Since the slope of
these contrasting relationships has the same units
(change in R4 per unit change in leaf N, pmol CO, g 'N
s™!) one might intuitively ask whether the slopes should
be the same regardless of whether leaf traits are ex-
pressed on a mass vs. area basis? Prior examination of
mass and area-based net CO, exchange relationships for
each of 23 species (Reich and Walters 1994) provided a
simple explanation that reconciled these differences.
Within species, variation in SLA and Np, Was related;



i.e, a SLA decreased Npyass also decreased, but pro-
portionally more dowly, so that N,e.a increased. Thus,
“thicker” leaves (low SLA) tended on average to have
lower Npass (@nd due to a stable A,,, -Nyass relation,
lower A,,) but higher N, than thinner leaves. Given
a negative intercept of the linear Apass-NVmass F€lation-
ship in every species, A,,,, per unit Np..s declines with
increasing Nmass- This tendency towards decreasing A
per N with increasing N,.., decreased the rate at which
A rea iNCreased with N,p.a, resulting in a lower slope on
an area basis. The same explanation holds for this in-
terspecific study of R4. As SLA varies among species,
those with lower SLA tend to have lower Ngass, but
Nmass Varies proportionally less than SLA (data not
shown), and thus species with lower SLA tend to have
higher Nuea (2 = 0.51, P < 0.0001). Given the nega-
tive intercept and general consistency of the overall
Rymass-Nmass Felationship, these patterns of covariance
in SLA and Ny, lead to a lesser dope of R4-N on an
area basis (since leaves with high N, tend not to have
high Nyass)- IN summarizing about area vs. mass based
comparisons, the similarity of units of slope may provide
a false sense that these two R4-N relationships are
measuring the same thing, when in readlity they are
measuring relationships of Rq and N aong different
gradients of multiple leaf traits.

Why is there a close association among R4
and other leaf traits?

Our multi-biome and multi-functional group results
demonstrate fundamental repeatable patterns of varia-
tion among Ry and other measures of leaf structure,
longevity, and chemistry. Combinations of leaf traits act
together - increasingly long-lived leaves generaly have
lower SLA, Npass, and A,,,,, which collectively drive
Ry mass down. What factors contribute to this close
association of variation in Ry and severa related ledf
characteristics among species?

As a working hypothesis, our explanation for these
patterns involves boundaries set by functional relation-
ships, biophysical constraints, ecological adaptation and
evolutionary sdlection (Chapin 1980; Field and Mooney
1986; Reich et al. 1992, 1997, '1998a). From a trictly
physiological perspective R4 mass likely scales with A,,,,
and Nmass Since leaves with high Amass have large com-
plements of N-rich enzymes and other metabolites which
have substantial maintenance respiration costs and re-
quire periodic (and costly) resynthesis. Thus, there are
reasonable grounds for the linkages between Ry mass,
A nass and Npass DUt Why iS Ry a6 @S0 SO Well related to
leaf life-span and SLA? The combination of high mass-
based N, Ry and A,,, entails specific trade-offs, since
such leaves are fragile (high SLA and low toughness),
short-lived, desirable to herbivores because of high N,
and less well physicaly defended against biotic (herbi-
vory) and abiotic (physical weathering and stress) agents
(Coley et al. 1985; Coley 1988; Reich et a. 1991, 1992).
Lower SLA and longer leaf life-span have been associ-
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ated with (1) greater alocation of biomass to structural
rather than metabolic components of the leaf; (2) po-
tentially different intracleaf allocation of N; (3) greater
within-leaf shading; and (4) potential diffusion limita-
tions to net CO, uptake (see discussion in Reich et al.
1992, 1998a). The first of these could directly result in
lower Ry-mass 8 Well asin A,,,,, but the link t0 Ry mass Of
the others is not so clear. However, if these factors col-
lectively reduce A,,,, as appears likely (e.g., Reich et &l.
1997), interspecific variation in Ry_ma.ss probably follows
closdy aong. Although it is possible that species could
have intrinsically high Ry.ma.s and low A,,,, there is no
apparent advantage to this combination and it is unlikely
that neither adaptation nor acclimation would act to
proportionally balance out carbon costs and gains.

Relationships of Ry and related leaf traits
to plant ecological distributions

For plants adapted to grow fagt, it makes sense that they
have high maintenance and growth Rg.mass Since this
would fuel growth and maintain metabolic activities
related to high carbon gain potential (Lambers and
Poorter 1992). Selection may be strong for high A,,,,
and Ry . May follow suit due to the A4,,.x-Rq4 linkage.
In contrast, species with inherently low maximum
growth rates and mass-based N, A,, and R4 tend to
regenerate in low light, low nutrient, or otherwise
stressed environments (Chapin 1980; Reich et al. 1992,
1997; Walters et a. 1993). These dow-growing species
often occupy sites where conditions tend to limit the
achieved capture of CO, and therefore likely act to select
against high N status, high metabolic capacity and as-
sociated respiratory costs, and for dow leaf turnover
rates (Walters et al. 1993; Walters and Reich 1996; Reich
et a. 1998b). Survival and/or the duration of nutrient
and carbon use (Aerts 1990) may be the targets of se-
lection, rather than a high maximum growth potential,
in such microhabitats. For plant species adapted to deep
%hade, low R mass May help maintain positive carbon
alances under conditions where high rates of carbon
assimilation can not be realized (and associated high R4
costs would be disadvantageous from a carbon balance
perspective), and thus be an advantage (Walters and
Reich 1996) In such a case Rg.mass Might be a higher
t.od of selection than 4 .. and Ay, might follow
Ry mass due to their close linkage. It is possible that
plants adapted to low resource environments other than
deep shade also have low R4 as part of a strategy that
enhances positive carbon balance and/or survival under
adverse conditions even if low Ngas and low N and C
turnover rates are the primary objects of selection
(Chapin 1980; Aerts 1990; Reich et a. 1992).

Implications and conclusions

The results of this study suggest that there are common
Rg-leaf trait relationships among species within widely
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disparate biomes and also within functional groups if
variation in SLA is smultaneoudly accounted for. These
findings have severa implications. First, these relation-
ships allow quantitative comparisons of Ry for species of
differing plant types and in widely differing ecosystems.
We can now speculate with some degree of confidence
that any given species will likely have comparable Ry as
species with comparable leaf structure, longevity and/or
N, from either the same or other functional group,
ecosystem or biome. We can with more confidence
predict the ordering of species R4 rankings and their
absolute values based on combinations of leaf traits and/
or functional groupings. Second, the uncovering of the
generality of Ry and related leaf-trait relationships
should dlow the incorporation of such relationships into
ecosystem to global scale models of carbon balance
(Running and Hunt 1993; Ryan et al. 1994; Aber et d.
1996). Since leaf traits such as leaf N and SLA that are
related to Ry and A,, are relatively easy to measure in
the fiddd and may be potentialy estimated accurately
from remotely sensed data (e.g., Wessman et al. 1988),
collectively they provide a useful foundation for the
development of scaling-based ecosystem or regional
models (Running and Hunt 1993; Aber et al. 1996).
Thus, evidence of functionally based R, and related leaf-
trait scaling relationships among species across func-
tional groups and biomes should help us understand
better both the diversity of species R4 and related eco-
physiological characteristics, and the ways in which
these aggregate to influence ecosystem level carbon
cycling.
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