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Abstract Root respiratilon rates have been shown to be 
correlated with temperaturet and root N concentration in 
studies of individual forest types or species, but it is not 
known how universal these relationships are across for- 
est species adapted to widely different climatic and eda- 
phic conditions. In order to test for broad, cross-species 
relationships, we measured fine root respiration, as O2 
consumption, over a range of temperatures on excised 
root samples from ten forested study sites across North 
America in 1997. Significant differences existed among 
study sites in root respiration rates, with patterns among 
sites in respiration rate at a given temperature corre- 
sponding to differences among sites in fine root N con- 
centrations. Root respiration rates were highly correlated 
with root N concentrations at all measurement tempera- 
tures (r2>0.8 1, P<O.OO I ,  for 6, 18 and 24°C). Lower root 
respiration rates in gymnosperms than in angiosperms 
were largely explained by lower fine root N concentra- 
tions in gymnosperms, and root N concentrations and 
respiration rates (at a given temperature) tended to be 
lower at warm sites (New Mexico, Florida, and Georgia) 
than at cool sites with short growing seasons (Michigan 
and Alaska). Root respiration rates increased exponen- 
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tially with temperature at all sites. The Qlo for root respi- 
ration ranged from 2.4 to 3.1, but there were no signifi- 
cant differences among the forest types. The average 
Qlos for gymnosperms (Q10=2.7) and angiosperms 
(Q10=2.6) were almost identical, as were the average 
Qlos for roots of ectomycorrhizal species (Qlo=2.7) and 
arbuscuiar mycorrhizal species (QI0=2.6). In 1998, fine 
root respiration at the study sites was measured in the 
field as C02  production at ambient soil temperature. 
Respiration rates under field conditions were dependent 
on both ambient soil temperature and root N concentra- 
tion. Relationships between respiration (adjusted for 
temperature) and root N concentration for the field mea- 
surements were similar to those observed in the 1997 
laboratory experiments. For root respiration in tree spe- 
cies, it appears that basic relationships with temperature 
and nitrogen exist across species and biomes. 
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Introduction 

Root respiration can use a significant proportion of C as- 
similation in forests and can be a major source of soil 
CO, efflux (Ewe1 et al. 1987; Bowden et al. 1993; Ryan 
et al. 1996; Boone et al. 1998). On a global scale, the 
CO, flux from fine root respiration has been estimated to 
be about an order of magnitude larger than that from an- 
thropogenic sources (Raich and Schlesinger 1992). Con- 
sequently, there is much interest in understanding the 
factors regulating root respiration and how it might be 
altered by global change. 

Temperature and root N concentration have both been 
shown to affect root respiration rates in studies of indi- 
vidual forest types or species (Ryan 1991; Burton et al. 
1996, 1998; Zogg et al. 1996; Pregitzer et al. 1998; 
Reich et al. 1998b), but it is not known how universal 
these effects are across forest species adapted to widely 
different climatic and edaphic conditions. Reich et al. 



(1997, 1998a, 1999) have shown that basic fundamental 
relationships exist across biomes for pairs of leaf traits, 
including the relationship between leaf N concentration 
and respiration rate (Reich et al. 1998a). If similar rela- 
tionships exist across species and biomes for root respi- 
ration, understanding them would greatly aid our ability 
to model forest C cycles at ecosystem, regional, and 
global scales. 

In order to test for broad, cross-species relationships, 
we measured fine root respiration in a variety of forest 
ecosystems across North America. The forest types in- 
cluded angiosperms and gymnosperms with roots domi- 
nated by either arbuscular mycorrhizae or ectomycorrhi- 
zae. Objectives of the study were: (1) to determine the 
relationship across species between fine root N concen- 
trations and root respiration rates; (2) to determine dif- 
ferences among species in root respiration rates, respira- 
tory Q,, values, and root respiration per unit N; and (3) 
to determine if such differences corresponded to taxo- 
nomic group (i-e. angiosperms vs gymnosperms) or 
dominant type of mycorrhizal association (ectomycorrhi- 
zal vs arbuscular mycorrhizal). 

Materials and methods 

Study sites 

Root respiration rates were measured at ten forested study sites lo- 
cated across several North American biomes (Fig. 1). Boreal for- 
ests were represented by Populus balsamifera and Picea glauca 
stands located along the Tanana River floodplain at the Bonanza 
Creek LTER in interior Alaska. Cold temperate forests studied 
were an Acer saccharum dominated northern hardwood forest and 
a Pinus resinosa plantation in the Upper Peninsula of Michigan. 
Montane cool temperate forests, located at the Coweeta LTER in 
North Carolina, included mixed hardwood, Quercus-Carya, and 
Liriodendron tulipifera stands. Warm temperate forests in the 
study were a mixed Quercus forest in the Georgia piedmont and a 
Pinus elliorrii plantation on the coastal plain in northeastern Flori- 
da. Root respiration was also measured under individual Pinus 

edulis and Juniperus monosperma trees in a semi-arid pinyon- 
juniper woodland located in the Los Pinos Mountains of the Sev- 
illeta LTER in New Mexico. Collectively, these forests encompass 
a wide range of climatic conditions, with mean annual temperature 
ranging from -3.3 to 20.0°C and mean annual precipitation vary- 
ing from 287 to 2,607 mm (Table 1). The tree species studied in- 
cluded gymnosperms and angiosperms, whose roots were domi- 
nated by either ectomyconhizae or arbuscular mycorrhizae 
(Table 1). The sites are representative of large areas of forest land , 
in the regions where they occur. 

Six 30x30 m study plots were installed at all but two of the 
sites. Exceptions to this were the mixed hardwoods (two plots) 
and Quercus-Carya (three plots) stands in North Carolina. At 
these sites plots were located adjacent to existing LTER plots and 
fertilizer additions were not allowed, resulting in fewer plots per 
site. At the sites with six plots, fertilizer was applied to three of 
the plots beginning in late summer 1997 or early summer 1998 
(100 kg N ha-1 year')  as part of a cross-site research project in- 
vestigating the effects of N additions on belowground carbon allo- 
cation. The 1997 laboratory respiration measurkments reported in 
this paper were completed before fertilization began. The 1998 
field respiration measurements were made early in the growing 
season when only one quarter of the annual fertilizer increment 
had been applied. 

Laboratory root respiration measurements 

During the summer of 1997, root respiration, as O2 consumption, 
was measured on excised fine roots from all plots at each forest 
site. Roots were collected from four to six random locations per 
plot using 10 cm deep by 5.4 cm diameter soil cores, which were 
transported in coolers to nearby laboratories for processing (less 
than 1.5 h travel time per site). At the laboratories, the cores from 
a plot were composited. All fine (11.0 mm), non-woody, live roots 
were then sorted by hand from the composite sample and rinsed 
free of soil and organic matter with deionized water. Live roots 
were distinguished by white, cream, red, tan or brown coloration 
and a smooth appearance. Dead roots had frayed, rough edges, 
were brittle, and often were dark brown or black in color. Excess 
water was blotted from the root samples, and 0.5 g (fresh weight) 
subsamples were used for respiration measurements. Samples for 
the laboratory experiments contained roots from all species pres- 
ent, but were comprised predominantly of the major species listed 
in Table 1 for each site. The understory at most sites was either 
very sparse (Picea glauca, Pinus resinosa, Liriodendron tulipifera, 
Pinus elliottii, Pinus edulis, and Juniperus monosperma sites) or 
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had a species composition similar to the overstory (Acer saccha- 
rum, mixed hardwoods, mixed Quercus sites), and thus had little 
effect on sample composition at n i ~ s t  sites. At the Populus balsa- 
mifera and Quercus-Carya sites, denser understory vegetation 
likely contributed a portion of the sampled roots, but roots of non- 
woody understory species and shmbs (primarily Alnus at the Pop- 
ulus balsamifera site) were identified and discarded when possi- 
ble. Ectomycorrhizal root tips were included where they occurred. 

Respiration was measured as O2 consumption using gas-phase 
O2 electrodes (model LD 2/2, Hansatech, Norfolk, England) con- 
nected to constant-temperature circulating water baths (Burton et 
al. 1996; Zogg et al. 1996). Root samples were allowed to equilib- 
rate to measurement temperature for 20 min, after which time 0, 
consumption was monitored for 40-60 min. Three complete O2 
electrode systems were run simultaneously, allowing respiration 
measurements to be performed ,on separate root samples at 6, 18 
and 24°C within 4 h of sample collection. The time between col- 
lection and analysis differed by no more than 1 h among the sites, 
and there was no relationship between time since collection and 
respiration rate measured, indicating that the slight differences 
among sites in time to analysis did not influence our results. The 
range of temperatures was intended to encompass the actual soil 

temperatures existing at the site at the time of sampling, with field 
soil temperatures for most sites falling somewhere near the middle 
of the range. The actual field soil temperatures measured during 
1998 field experiments suggest that this goal was achieved. Fol- 
lowing respiration measurements, root subsamples were oven- 
dried (65OC, 24 h) for determination of dry weights, ground, and 
analyzed for N using an elemental analyzer (Carlo Erba NA 1500 
N.C., CE Elantech, Lakewood, N.J.). 

Root respiration rates measured in the laboratory were statisti- , 
cally analyzed using a two-factor (temperature and site) analysis 
of variance. The combined effects of root N concentration and 
temperature on respiration rates across sites were quantified using 
linear regression (within single temperatures) and non-linear 
regression and analysis of covariance (across all temperatures). 
Regressions of the natural log of respiration versus temperature 
were performed for each individual forest type listed in Table 1, 
using all the data collected from the site. The regression slope for 
each forest type was then used to calculate its respiratory Qlo 
(QlO=e'Oxslope). All statistical analyses were performed using 
SYSTAT (SPSS 1998). 

Table 1 Study site descriptions and dominant overstory species sampled. Sites are ordered by increasing mean annual temperature 
- 

Forest site Location Basal Dominant Eleva- Mean Mean Taxonomic Dominant 
(m2 overstory tion annual annual group mycorrhizal 
ha-') species (% of (m) tempera- precipia- type 

basal area) ture ("C) tion (mm) 

Populus balsamifera, 
Bonanza Creek LTER, 
Alaska, USA 
Picea glauca, 
Bonanza Creek LTER, 
Alaska, USA 
Acer saccharum, 
Upper Peninsula, 
Michigan, USA 
Pinus resinosa, 
Upper Peninsula, 
Michigan, USA 
Mixed hardwoods, 
Coweeta LTER, 
North Carolina, USA 

Quercus-Carya, 
Coweeta LTER, 
North Carolina, USA 
Liriodendron tulipifera, 
Coweeta LTER, 
North Carolina, USA 
Pinus edulis, 
Sevilleta LTER, 
New Mexico, USA 
Juniperus monosperma, 
Sevilleta LTER, 
New Mexico, USA 

Mixed Quercus, 
Georgia, USA 
Pinus elliotrii, 
Florida, USA 

94% Populus 
balsamifera 

98% Picea 
glauca 

92% Acer 
saccharum 

100% Pinus 
resinosa 

26% Betula 
alleghaniensis 
and 20% 
Quercus rubra 
30% Quercus 
prinus 

85% 
Liriodendron 
tulipifera 
Individual 
Pinus edulis 
trees 
Individual 
Juniperus 
m o n o s p e m  
trees 
68% Quercus 
SPP. 
100% Pinus 
elliotrii 

-3.3 287 Angiosperm Ectomycorrhizal 

-3.3 287 Gymnosperm Ectomycorrhizal 

3.8 84 1 Angiosperm Arbuscular 

3.8 883 Gymnosperm Ectomycorrhizal 

9.4 2607 Angiosperm Ectomycorrhizal 

11.1 2502 Angiosperm Ectomycorrhizal 

12.7 18 16 Angiosperm Arbuscular 

12.7 388 Gymnosperm Ectomycorrhizal 

12.7 388 Gymnosperm Arbuscujar 

16.5 1263 Angiosperm Ectomycorrhizal 

20.0 1303 Gymnosperm Ectomycorrhizal 

a Basal area is not applicable to the pinyon-juniper woodland. To- nus edulis and 0.15 m2 m-2 Juniperus monosperma. Sampling was 
tal ground coverage by the canopies of woody vegetation was performed under individual Pinus and Juniperus trees 
0.30 m2 m-2 in the pinyon-juniper woodland, with 0.13 m2 m-2 Pi- 



Field root respiration measurements 

In the summer of 1998, root respirhtion, as C 0 2  production, was 
measured in the field at ambient soil temperature at each forest 
site. Samples for field root respiration measurement consisted of 
fine roots (51 mm diameter) collected from the top 5 cm of organ- 
ic matter and mineral soil at ,three to four locations within each 
plot at a site and composited. Root samples from the mixed-hard- 
wood forest in North Carolina were collected adjacent to Quercus 
rubra trees, samples from the Quercus-Carya forest in North Car- 
olina were collected adjacent to Quercus prinus trees, and samples 
from the mixed Quercus forest in Georgia were collected adjacent 
to Quercus alba trees. Field comparisons of the morphological 
characteristics of the sample roots to those attached to seedlings 
and small saplings indicated the field respiration samples were 
comprised predominantly of the targeted species for these three 
sites and of the dominant overstory species listed in Table 1 for 
the other study sites. 

The roots were brushed free of loose soil and organic matter, 
but were not washed or rinsed. Total collection time was about 
15 min, and samples (ca. 2 g fresh weight) were then immediately 
placed in a respiration cuvette attached to an infra-red gas analyz- 
er (IRGA, CIRAS-I portable gas analyzer, PP Systems, Haverhill, 
Mass.). Root samples typically consisted of five to seven excised 
root mats, each of which was comprised of an intact network of 
root segments containing primarily first, second and third order 
roots. During excision, roots were only damaged at the locations 
where the intact root networks w,ere detached (i.e. five to seven lo- 
cations per sample). Detailed examinations of similar root mats 
suggest that first order roots contributed about 50% of the root 
length sampled and second order roots contributed about 25% 
(Pregitzer et al. 2002). One or two samples were analyzed from 
each plot at a site. 

The IRGA and cuvette were configured in an open system, 
with respiration rate determined by the difference in the amounts 
of CO, entering and leaving the cuvette. Steady respiration rates 
were achieved within 15 to 20 min after placing a sample in the 
cuvette. The input [CO,?] for the cuvette was maintained at 
1,000 pmol/mol, in order to approximate soil [CO,]. The base of 
the aluminum respiration cuvette was 5 cm diameter, with an in- 
ternal chamber for roots of 76 cm3. Beneath the respiration cham- 
ber was a solid aluminum plug 12 cm in length. The entire 17 cm 
long aluminum base was inserted into the soil and acted as a heat 
sink, allowing the roots inside to be maintained at ambient soil 
temperature during the measurement period (verified by compar- 
ing temperatures measured by a thermistor inside the cuvette, in 
contact with the root sample, to soil temperatures adjacent to the 
cuvette). Following respiration measurements, root samples were 
placed in coolers, or frozen, until they could be returned to the 
laboratory for cleaning of any adhering soil and organic debris 
&5% of sample mass), determination of dry weights, and N analy- 
sis. Microbial respiration in the adhering soil and organic debris 
would have been measured as root respiration, but rates of micro- 
bial respiration per gram of forest soil material (Zak et al. 1999) 
are often orders of magnitude less than those we measured per 
gram of root tissue. Thus the contribution of these materials to 
measured root respiration rates should be much less than 5% of 
the reported values. 

The 1998 field respiration measurements were conducted 
shortly after N fertilization treatments had begun, so the possible 
effects of N additions on root N concentration and root respiration 
rate were tested for using a two-factor (study sitexfertilizer) analy- 
sis of variance for root N concentration and a two-factor analysis 
of covariance (study sitexfertilizer, with temperature as a covari- 
ate) for the natural log of root respiration. Non-linear regression 
was used to examine the combined effects of root N concentration 
and temperature on field-measured rates of root respiration across 
the study sites. 

Root respiration rate\ of lrce \pc.cle\ may, in some cases, be af- 
fected by the [CO,] ;!I WIII(*II  tnrltwrt.tncnts are made (Qi et al. 
1994; Burton el ; ) I  I007j. \$!Ill I I I ~ I I ~ I  IC'O?] resulting in lower 
respiration rate\ I lo\\fc*\.c+t, r i+r+ . l* I  rr.l%)!ll ~ I I J > ~ ( ' \ I  that this CO, ef- 

fect does not exist for roots of many species (Bouma et al. 1997a, 
b; Bryla et al. 2001; Burton and Pregitzer 2002). To avoid poten- 
tially confounding our results, we measui-ed root respiration in the 
field using the same measurement [CO,] for all sites. The value 
chosen (1,000 pl I-') is just slightly lower than the [CO,] typically 
found near the soil surface where our root samples were taken 
(1,200 1.111-1 in Burton et al. 1997; 1,350 p1 1-1 in Yavitt et al. 1995; 
1,023 - 2,152 pl l-I in Fernandez et al. 1993). We did test a subsam- 
ple of our field root respiration samples for a possible [CO,] effect 
by determining respiration rate's at both 350 and 1,000 1.11 1-1, and 
found no effect of [CO,] on field root respiration measurements 
over that concentration range (Burton and Pregitzer 2002). 

In our laboratory experiments, the [CO,] within the cuvettes 
during the measurement period ranged from approximately 3,000 
to 24,000 pl 1-1. These estimates are based on the assumption that 
increases in [CO,] are approximately equal to measured decreases 
in [O,]. The range in [CO,] is a result of differences among sites 
and temperatures in respiration rates. In all cases, these [C02]s are 
in a range where [CO,] appears to have only a small affect on root 
respiration rates (Burton et al. 1997; Qi et  al. +1994), so we feel 
that the patterns we measured in our laboratory studies are real. If 
high measurement [CO,] did slightly reduce respiration rates, then 
the actual differences among sites and temperatures would be 
slightly greater than we report, since it is the sites and tempera- 
tures with the highest respiration rates that generated the greatest 
[CO,] within the cuvette and would be most inhibited. 

Results 

Laboratory root respiration measurements 

Significant differences existed among the study sites in 
respirati~n rates (Tables 2, 3), with patterns among sites 
in root respiration rate at a given temperature corre- 
sponding to differences among sites in fine root N con- 
centration (Fig. 2). At the site level, mean root respira- 
tion rates were highly correlated with mean root N con- 
centration at each temperature. The strongest relation- 
ship occurred at 18°C (Fig. 3), but the relationships at 6 
and 24°C were also highly significant: 

6°C: R02 = -0.449 +0.147 N (r;? = 0.81, P < 0.001) 
18°C: Ro2 = -0.878 + 0.424N (r;?=0.91, P < 0.001) 
24°C: Ro2 = -2.41 8 + 0.829 N (r;? = 0.82, P < 0.001) 

(1) 
where Ro2 is fine root respiration as O2 consumption in 
nmol O2 g-1 s-I and N is fine root nitrogen concentration 
in g kg-'. 

When all temperatures were combined, a predictive 
relationship with respiration rate linearly related to N 
and exponentially related to temperature explained near- 
ly 90% of the variation in the overall data set: 

~ ~ ~ = ( - 0 . 1 8 5 + 0 . 0 8 3 ~ )  e0.092T (~'=0.88, P < 0.001) 
(2) 

where T is temperature in "C. Temperature alone ex- 
plained slightly more than half of the variability in the 
data set (r2=0.58), with root N concentration explaining 
much of the remaining variation in root respiration rates. 

Although N concentration explained a large proportion 
of the differences among sites in mean respiration rate 
(Figs. 2, 3), it did not fully account for the site-to-site vari- 
ation observed. Analysis of covariance indicated some re- 



Table 2 Regression coefficients and Q,, values for root respiration, as'C12 consumption (nmol O2 gl s-I), over the temperature range of 
6 2 4 ° C .  Slopes and intercepts are for individual site regressions between the natural logarithm of respiration and temperature 

Study site Slope rntercept Q l o  r2 Significance* Significances 
without root with root N 
N as covariate as covariate 
(model 1) (model 2) 

Populus balsamifera - Bonanza Creek LTER, Alaska 
Picea glauca - Bonanza Creek LTER, Alaska 
Acer saccharurn - Upper Peninsula, Michigan 
Pinus resinosa plantation - Upper Peninsula, Michigan 
Mixed hardwoods - Coweeta LTER, North Carolina 
Quercus-Carya - Coweeta L E R ,  North Carolina 
Liriodendron tulipifera - Coweeta LTER, Porth Carolina 
Pinus edulis - Sevilleta L E R ,  New Mexido 
Juniperus monosperma - Sevilleta LTER, New Mexico 
Mixed Quercus - Georgia 
Pinus elliottii plantation - northeastern Florida 
All gymnosperms 
A11 angiosperms 
All ectomycorrhizal species 
All arbuscular mycorrhizal species 

b 
cd 
bc 
de 
bcd 
bcdef 
a 
g 
h 
efg 
e f 

a 
a 
ab 
ab 
a 
abc 
ab 
C 
d 
bc 
ab 

a Sites with different letters in the 'significance columns have regression lines which differ in elevation at Pc0.05 
b Values are the arithmetic mean of the Q,, values listed above for all species within the group, with standard deviation in parentheses 

maining differences among ktes after adjusting for the ef- 
fects of N. Lower respiration rates per unit N occurred at 
the Juniperus monosperma and Pinus edulis sites in New 
Mexico and the mixed Quercus site in Georgia (Table 2). 

There also was variation within sites in laboratory 
measured root respiration rates. In contrast to the be- 
tween-site variation, much of the within-site variation 
could not be accounted for by root N concentration. At a 
given temperature, root respiration rates for individual 
samples within sites were only occasionally correlated 
with root N concentration (Table 4). 

A specific contrast between gymnosperms and angio- 
sperms in respiration rate indicated that the gymno- 
sperms in this study had lower fine root respiration rates 
(P<0.001). These differences were largely explained by 
lower fine root N concentrations in the gymnosperms; 
when N concentration was used as a covariate, root res- 
piration rates were not significantly different among 
gymnosperms and angiosperms (P=0.214). 

Root respiration rates increased exponentially with 
temperature at all sites (Fig. 2, Table 2). The Qlo for root 
respiration ranged from 2.4 to 3.1, but there were no sig- 
nificant differences among sites in Qlo, as indicated the 
lack of a sitextemperature interaction in the overall re- 
gression model (Table 3). The average Qlos for gymno- 
sperms and angiosperms were almost identical, as were 
the average Qlos for ectomycorrhizal species and ar- 
buscular mycorrhizal species (Table 2). 

Field root respiration measurements 

Fertilizer treatments had been initiated at the study sites 
prior to the 1998 field root respiration measurements, but 
only a portion (25 kg N ha-') of the annual increment 
had been applied and this initial amount of fertilizer N 

Table 3 Analysis of variance and analysis of covariance of the ef- 
fects of temperature, study site and fine root N concentration on 
fine root respiration rates measured in the laboratory as O2 con- 
sumption 

Source df MS F ratio P 

Analysis of variance (model 1) 
Study site 10 2.66 57.28 <0.001 
Temperature 2 40.68 876.50 <0.001 
Study sitexTemperature 20 0.06 1 . I9  0.274 
Error 142 0.05 

Analysis of covariance with N as covariate (model 2) 
Study site 10 0.68 16.92 <0.001 
Temperature 2 40.16 1,003.81 <0.001 
Study sitexTemperature 20 0.05 1.30 0.187 
Nitrogen concentration 1 0.95 23.71 <0.001 
Error 141 0.04 

did not alter either root N concentration or field root res- 
piration rates at the sites (Table 5). 

Soil temperatures at which root respiration were mea- 
sured in the field ranged from 8°C in the Alaska Populus 
balsamifera stand to 27°C in the Florida Pinus edulis 
plantation (Fig. 4). Root respiration rates measured in 
the field (as CO, production) represented the combined 
effects of these widely varying soil temperatures and the 
N concentrations of the fine root samples (Fig. 4). At the 
New Mexico, Florida and Georgia sites, lower inherent 
rates of root respiration associated with low root N con- 
centrations were at least partially offset by higher grow- 
ing season soil temperatures. Together, temperature and 
root N concentration explained 60% of the variation in 
the field root respiration data set: 
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Root N concentration was the more important of the two 
factors, explaining 43% of the variation. 

When the QI0 values for the individual sites (Table 2) 
were used to adjust the field respiration rates to a com- 
mon temperature (18"C), the resulting pattern among 
sites in root respiration (Fig. 4) generally corresponded 
to the pattern among sites in fine root N concentration 
(Fig. 2). At the site level, root N concentration explained 
73% of the variation among sites in mean respiration rate 
adjusted to a common temperature (18°C). Unlike the 
laboratory experiments, much of the within-site variation 
in field respiration rates could be related to root N con- 
centration (Table 4). 

Field respiration rates as C02  production agreed well 
with laboratory respiration rates as 0, consumption. The 
individual site equations in Table 2 (derived from the 

laboratory measurements) were used to estimate the rate 
of root respiration, as O2 consumption, that would occur 
at the 1998 field soil temperatures. Across sites, the ratio 
of 0, consumption to CO, production was slightly, but 
not significantly, less than 1:l (Fig. 5). Field measure- 
ments had the advantage of immediate determination of 
respiration at ambient soil temperature, while laboratory 
measurements allowed respiration to be determined 
across a range of temperatures at one time, eliminating 
the need to make numerous visits per year to each field 
location. The longer time between sample collection and 
analysis for the laboratory samples may have contributed 
to the tendency for laboratory 0, consumption rates at a 
given temperature to be lower than field C02  production 
rates, despite the fact that respiration rates expressed as 
0, consumption often are slightly higher than rates ex- 



Table 4 Within-site correlations between root respiration rate and the laboratory experiments are grouped by measurement tempera- 
root N concentration and the coefficient of variation (CV) for root ture. Site location abbreviations are as given for Fig. 2. Significant 
N concentration for the laboratorjlhand field experiments. Data for correlations (Ps0.10) are indicated in boldface type 

Study Site Laboratory dataa 6°C Laboratory dataa 18°C Laboratory dataa 24OC Field data 

, r r  P CV r P CV r P CV r P CV n 

Populus balsamifera, AK 0.39 0.45 0.13 0.93 0.01 0.15 0.73 0.10 . 0.11 0.69 0.01 0.10 12 
Picea glauca, AK -0.05 0.93 0.06 0.90 0.02 0.05 0.40 0.43 0.11 0.75 <0.01 0.19 12 
Acer saccharum, MI -0.24 0.64 0.10 0.48 0.33 0.09 0.22 0.67 0.03 -0.29 0.58 0.07 6 
Pinus resinosa, MI 0.58 0.23 0.11 0.26 0.62 0.04 0.22 0.67 0.09 0.88 <0.01 0.11 7 
Mixed hardwoods, NC -0.08 0.95 0.09 0.87 0.33 0.19 0.77 0.44 0.27 0.73 0.10 0.22 6 
Quercus-Carya, NC NDb ND ND ND ND ND ND ND ND -0.41 0.73 0.07 3 
Liriodendron tulipifera, NC 0.52 0.29 0.09 0.75 0.08 0.13 0.45 0.37 0.07 0.79 0.02 0.10 12 
Pinus edulis, N M  ' 1  0.63 0.25 0.12 -0.18 0.74 0.07 0.65 0.16 0.20 0.58 0.05 0.18 12 
Juniperus monosperma, NM 0.65 0.23 0.09 -0.30 0.57 0.03 0.39 0.45 0.11 0.79 c0.01 0.15 12 
Mixed Quercus, GA 0.17 0.75 0.09 -0.45 0.38 0.07 0.57 0.24 0.06 0.65 0.02 0.16 12 
Pinus elliottii, FL 0.18 0.74 0.16 -0.21 0.69 0.09 -0.35 0.50 0.05 0.56 0.10 0.26 12 

a Sample size for laboratory data was six per temperature, except for the mixed hardwoods (n=3) and Quercus-Carya (n=2) sites 
b Not determined due to sample size of two 

Table 5 Analysis of variance for the effects of fertilizer addition Gymnosperm, arbuscular m~conhizal GY'mnosperm. ectm~cohizal 
on root N concentration and analysis of covariance for the effects ,, Agiosperm, arbuscular mycohnal ectmycdzal 
of fertilizer addition on root respiration rates measured in the field 
at ambient soil temperature. The natural log of root respiration 14, 1 
was the dependent bariable in1 the analysis-of covariance, with , Field root respiration at ambient 
temperature as a covariate s o  temperature 

Source df MS F ratio P !? 
a 8 27O 

Analysis of variance for effects of fertilizer on root N 
concentration 
Study site 8 '150.87 36.74 
Fertilizer 1 8.91 2.17 
Study sitexFertilizer 8 2.81. 0.68 
Error 73 4.11 

Analysis of covariance for effects of fertilizer on root respiration, 
temperature as covariate 
Study site 8 2.303 25.89 <0.001 
Fertilizer 1 0.003 0.03 0.861 
Study sitexFertilizer 8 0.158 1.78 0.096 
Temperature 1 0.452 5.09 0.027 
Error 72 0.089 

3 = 0.91, P < 0.001 

~ , ~ , 8 , r ~ n o ~ l ~ ~ .  

6 8 10 12 14 16 18 20 22 

N concentration (g kgA') 

^ 9 
rn - Gymnosperm, arbuscular 

8 - Gymnosperm, ectornycorrhizal 
* a Angiosperm. arbuscular 

8 o Angiosperm, ectornycorrhizal 

- / Field root respiration adjusted to 18 OC 
a nl 

5 6 -  
E - 
5 5 -  
c - 
.o 4 - 
C 
([I - .& 3 -  
rn - 
2 2 -  Fig. 4 Root respiration rates measured in the field as CO; produc- 

tion at ambient soil temperatures (upper plate) and respiration 
rates adjusted to a common temperature of 18°C (lower plate) us- 
ing the Q,, values in Table 2. Error bars indicate one standard er- 
ror of the mean. Soil temperatures at the time of respiration mea- 
surement are indicated above the bars in the upper plate of the fig- 
ure. Site location abbreviations are as given for Fig. 2 

Respiration = -0.878 + 0.424(N) 

Fig. 3 Relationship between fine root N concentration and fine 
root respiration at 18°C measured in the laboratory as O2 con- 
sumption for roots from North American forest types. Values are 
site means for respiration rate and N concentration for the forest 
sites listed in Table 1. 



a Gymnosperm, arbuscular 
Gymnosperm, ectomycorrhizal 

Lab = 0.93 (Field) 
? = 0.97, P c 0.001 

1 1 1 - 1 1 1 1 I I  - 
0 2 4 6 8 10 12 
Root respiration measured in the field (nmol C02 g-' s-') 

Fig. 5 Relationship between root respiration measured in the field 
as CO, production at ambient soil temperature and root respiration 
as 0, consumption predicted for the same temperature using the 
laboratory-derived individual site relationships in Table 2 

pressed as CO, production ,(Edwards and Harris 1977; 
Carpenter and Mitchell 1980; Burton et al. 1996). 

Discussion 

The relationship we observed between root respiration 
and root N concentration was not unexpected, as it is has 
been shown that a linear relationship often exists be- 
tween N concentration and respiration for plant tissues 
(Ryan 1991, 1995; Reich et al. 1996; Maier et al. 1998), 
including the roots of trees (Burton et al. 1996, 1998; 
Zogg et al. 1996; Pregitzer et al. 1998; Reich et al. 
1998b). What was surprising is how much of the varia- 
tion among the forest sites in fine root respiration was 
explained by site-to-site differences in fine root N con- 
centration (Fig. 3), despite the large differences among 
sites in vegetation, climate, and edaphic conditions. In 
data from our laboratory experiments, the use of root N 
as a covariate in analysis of variance removed almost all 
the between-site differences in respiration rate at a given 
temperature (Table 2) and eliminated significant differ- 
ences between the gymnosperm and angiosperm groups 
in root respiration rate. Only a few sites had root respira- 
tion rates lower than would be predicted from their root 
N concentrations: Pinus edulis and Juniperus monosper- 
ma in New Mexico, and, to a lesser degree, mixed Quer- 
cus in Georgia (Table 2). These sites regularly experi- 
ence warm, dry soil conditions during the growing sea- 
son. Lower rates of respiration per unit N at these sites 
may have been a consequence of dry soil conditions dur- 
ing the time of sampling, as it is known that drought can 
cause reductions in root respiration (Gansert 1994; Bryla 
et al. 1997, 2001; Burton et al. 1998). 

In the field measurements, we often found a strong 
within-site relationship between root respiration and N 
concentration, while in the laboratory experiments, we 
typically did not. The collection method for the laborato- 
ry experiments produced samples within a site that did 
not vary as much in N concentration as those used in the 

field experiments (see coefficients of variation for N in 
Table 4). Roots used in the laboratory experiments were 
cornposited to a greater degree than those used for field 
measurements, which could have contributed to lower 
within-site variation in root N concentrations for the lab- 
oratory experiments. Also, roots used in the laboratory 
experiments were rinsed while roots used in the field ex- 
periments were not. The taboratory roots tended to have 
slightly lower N concentrations (circa. 10%) than the 
field roots, thus leaching of N during rinsing may also 
have been a factor. The greater range of within-site sam- 
ple N concentrations and higher number of samples per 
site in the field ,experiment enabled us to detect statisti- 
cally significant within-site relationships between root 
respiration and N concentration that were not apparent in 
the laboratory experiments. Pregitzer et al. (1998) previ- 
ously noted that relationships between N concentration 
and root respiration became apparent only when a suffi- 
ciently large range of N concentrations was examined. 
Root age, nutrients other than N, and soil moisture avail- 
ability may account for some of the remaining differ- 
ences in root respiration, both within and among sites, 
that were not explained by N concentration. 

In our laboratory experiments, species from cool sites 
(Alaska and Michigan) had root N concentrations and 
respiration rates at a given temperature that were as high 
or higher than those for species from warm sites (New 
Mexico, Florida, and Georgia) (Fig. 2). Higher root N 
concentration at our cooler sites would be consistent 
with an adaptive strategy in which the work of the root 
system is accomplished by greater amounts of proteins 
and amino acids (i.e. higher N concentration) performing 
their functions more slowly due to cooler ambient tem- 
peratures. Reich et al. (1996) similarly suggested that 
high needle N concentrations in Pinus sylvestris popula- 
tions from cold environments might be an adaptive fea- 
ture that allowed for greater total metabolic activity and 
growth rate under the low temperatures of their native 
environment. The root respiration rates we measured in 
the field (Fig. 4), which represent the combined effects 
of ambient soil temperature and root N, indicate that 
high growing season soil temperatures at the warmest 
sites (New Mexico, Florida, Georgia) did not result in 
much larger rates of root respiration than at the cooler 
sites, due to the lower root N at the warm sites. Across 
all of our sites, however, root N and mean annual tem- 
perature were not significantly correlated, due largely to 
very high root N concentrations at the intermediate tem- 
perature Liriodendron tulipifera site in North Carolina. 
Thus growing season soil temperature is, at best, only 
one of several factors which interact to determine root N 
concentration and respiration rate at a given temperature. 

The response of root respiration to increasing temper- 
ature was quite similar at all sites, despite the wide vari- 
ety of tree species, mycorrhizal associations, climates, 
and edaphic conditions studied. The range among sites in 
Q,, in this study (2.4-3.1) is narrower than the range in 
Q,, values reported in the literature for roots of other 
common North American tree species (2.7, Cox 1975; 



1.9-2.1, Cropper and Gholz 1991; 1.5-3.0, Lawrence 
and Oechel 1983; 2.0, Sowell and Spomer 1986; 2.1, 
Zogg et al. 1996; 2.7, Burton'et al. 1996; 2.0, Ryan et al. 
1996). A possible factor contributing to the smaller 
range in Qlos in our study may be the use of a variety of 
different experimental designs and temperature ranges 
by the various other investigators. It is known that Qlo 
can depend on the temperature range over which it is de- 
termined (Schleser 1982; Lawrence and Oechel 1983; 
Ryan 1991), with higher values for Qlo occumng when 
cold temperature ranges are examined. Our use of the 
same range of temperatures for all species studied was 
intended to avoid this potential p?oblem and facilitate 
between-species comparisons. Our QI0 values for Lirio- 
dendron tulipifera and Populus balsamifera (2.6 and 2.4, 
respectively) are nearly identical to those measured over 
a similar temperature range (5-25°C) by Cox (1975) (2.7 
for Liriodendron tulipifera) and Lawrence and Oechel 
(1 983) (2.35 for Populus ,$alsamifera). 

Overall, our laboratory results suggest that the rate of 
increase in fine root respiration with temperature is gen- 
erally similar for many tree species. However, the appli- 
cability of these laboratoy results for predicting root 
respiration in the field must be assessed. If root respira- 
tion in the field acclimates to changing soil temperatures 
during the year, then the Qlo determined from a tempera- 
ture series in the laboratory will not accurately predict 
root respiration rates in the field over the entire range of 
soil temperatures encountered during a growing season 
or year. Our field respiration rates corresponded quite 
well to respiration rates predicted for the same tempera- 
tures using our laboratory-derived respirationltempera- 
ture relationships (Fig. 5), but the 1997 laboratory exper- 
iments and 1998 field experiments were both performed 
during the summer months, and soil temperatures at each 
site were fairly similar between years. Thus agreement 
between the 1997 and 1998 results does not preclude the 
possibility that root respiration acclimates to temperature 
in the field. It only indicates that our laboratory results 
are valid for soil temperatures typical during the warmer, 
middle portion of the growing season. 

To validate our laboratory estimates for colder tem- 
peratures, we would need additional field measurements 
during times when soil temperatures were colder. Time 
and travel limitations precluded the possibility of per- 
forming such field experiments for all of the species 
studied, but in research conducted in Michigan, we have 
measured root respiration rates in the field over the 
course of two entire growing seasons (April to Novem- 
ber) for Pinus resinosa and Acer saccharum. In those ex- 
periments, we found that Qlo values for the two species 
were the same to slightly lower than those measured in 
the laboratory in this study (3.0 v 3.0 for Pinus resinosa 
and 2.4 vs 2.7 for Acer saccharum) (A.J. Burton, unpub- 
lished data). This would suggest that little, if any, detect- 
able temperature acclimation occurs within a growing 
season for root respiration of these two species in the 
field and that the use of laboratory temperature series for 
determining the response of root respiration to tempera- 

ture is reasonably accurate. For Picea glauca, another of 
the species we studied, Weger and Guy (1991) found no 
evidence that root respiration acclimated to temperature. 
Similarly, no evidence of temperature acclimation has 
been found for root respiration in Picea engelmannii or 
Abies Iasiocarpa (Sowell and Spomer 1986). However, 
in seedlings grown at a elevated constant temperatures 
(Bryla et al. 1997; Tjoelker et al. 1999) and young citrus ' 

trees grown at elevated field temperatures (Bryla et al. 
2001), root respiration has acclimated to temperature. 
This suggests that species may differ in their ability to 
acclimate to temperature. It is also possible that acclima- 
tion only occurs above a certain temperature threshold 
(Bryla et al. 2001) or that near-constant temperatures are 
needed to cause measurable acclimation in tree species, 
and that the natural diurnal and day-to-day soil tempera- 
ture fluctuations that occur in temperate and boreal for- 
ests might prevent acclimation from occufn'ng to any 
large degree in the field. Additional research is needed to 
determine whether significant acclimation does occur 
under field conditions for roots of some trees species. 
Such research is especially relevant today, since acclima- 
tion could significantly alter the way in which root respi- , 
ration might respond to global warming. 

Root N concentration and temperature explained most 
of the variability observed in root respiration in both the 
laboratory and the field. Remaining unexplained varia- 
tion in respiration occurred primarily within study sites 
and might be related to a variety of factors, such as root 
age, the concentrations of nutrients other than N, or 
drought. The effects of temperature and N concentration 
on root respiration were generally similar across species, 
despite large differences in climatic and edaphic condi- 
tions and regardless of whether roots were from angio- 
sperms or gymnosperms, or dominated by ectomycorrhi- 
zae or arbuscular mycorrhizae. For root respiration in 
tree species, it appears that basic, broad-scale relation- 
ships with temperature and nitrogen concentration exist 
across species and biomes. 

Acknowledgements The authors thank Rodney Will, Jack 
McFarland, Lee Ogden, Trish Burton, Neeti Bathala, Jennifer 
Lansing, Cara Cario, Kendra Calhoun, Christina Doljanin, and 
Shannon Brown for their assistance in the field and lab, and Bob 
Parmenter, Jim Vose and Tom Fox for their logistical support. We 
also acknowledge the Coweeta, Bonanza Creek, and Sevilleta 
LI'ERs, Mead Corporation, Rayonier Corporation, Container Cor- 
poration of America, Champion International, the U.S.D.A. Forest 
Service, and the U.S. Fish and Wildlife Service for providing 
study site locations and field laboratories. This research was fund- 
ed by the U.S. National Science Foundation Ecosystem Studies 
Program (collaborative awards DEB 9615509,9616537, 9616538, 
and 99962 1 1 ; and grant DBI 94 13407). 

References 

Boone RD, Nadelhoffer KJ, Canary JD, Kaye JP (1998) Roots ex- 
ert a strong influence on the temperature sensitivity of soil res- 
piration. Nature 396570-572 

Bouma TJ, Nielsen KL, Eissenstat DM, Lynch JP (1997a) Estimat- 
ing respiration of roots in soil: interactions with soil CO,, soil 
temperature and soil water content. Plant Soil 195:221-232 



Bouma TJ, Nielsen KL, Eissenstat DM, Lynch JP (1997b) Soil 
CO, concentration does not affect growth or root respiration in 
bean or citrus. Plant Cell Environ 20:1495-1505 

Bowden RD, Nadelhoffer KJ, Boone RD, Melillo JM, Ganison JB 
(1993) Contributions of aboveground litter, belowground litter, 
and root respiration to total soil respiration in a temperate 
hardwood forest. Can J For Res 23:1402-1407 

Bryla DR, Bouma TJ, Eissenstat DM (1997) Root respiration in 
citrus acclimates to temperature and slows during drought. 
Plant Cell Environ 20:1411-1420 

Bryla DR, Bouma TJ, Hartmond U, Eissenstat DM (2001) Influ- 
ence of temperature and soil drying on respiration of individu- 
al roots in citrus: integrating greenhouse observations into a 
predictive model for the field. Plant Cell Environ 24:781-790 

Burton AJ, Pregitzer KS (2002) Measurement carbon dioxide con- 
centration does not affect root respiration of nine tree species 
in the field. Tree Physiol22:67-72 

Burton AJ, Pregitzer KS, Zogg GP, Zak DR (1996) Latitudinal 
variation in sugar maple fine root respiration. Can J For Res 
26: 1761-1768 

Burton AJ, Zogg GP, Pregitzer KS, Zak. DR (1997) Effects of 
measurement C02  concentration on sugar maple root respira- 
tion. Tree Physiol 17:421-427 

Burton AJ, Pregitzer KS, Zdgg GP, Zak DR (1998) Drought re- 
duces root respiration in sugar maple forests. Ecol Appl 
8:77 1-778 

Carpenter JR, Mitchell CA (1980) Root respiration characteristics 
of flood-tolerant and intolerant tree species. J Am Soc Hortic 
Sci 105:684-687 

Cox TL (1975) Seasonal respiration rates of yellow-poplar roots 
by diameter classes. For Sci 21: 185-188 

Cropper WP Jr, Gholz HL (1991) In situ needle and fine root res- 
piration in mature slash pine (Pinus elliottii) trees. Can J For 
Res 21:1589-1595 

Edwards NT, Harris UTF (1977) Carbon cycling in a mixed decidu- 
ous forest floor. Ecology 58:431--437 

Ewe1 KC, Cropper WP Jr, Gholz HL (1987) Soil CO, evolution in 
Florida slash pine plantations. 11. Importance of root respira- 
tion. Can J For Res 17:330-333 

Fernandez IJ, Son Y, Kraske CR, Rustad LE, David MB (1993) 
Soil carbon dioxide characteristics under different forest types 
and after harvest. Soil Sci Soc Am J 57: 11 15-1 121 

Gansert D (1994) Root respiration and its importance for the car- 
bon balance of beech saplings (Fagus sylvatica L.) in a mont- 
ane beech forest. Plant Soil 167: 109-1 19 

Lawrence WT, Oechel WC (1983) Effects of soil temperature on 
the carbon exchange of taiga seedlings. I. Root respiration. 
Can J For Res 13:840-849 

Maier CA, Zamoch SJ, Dougherty PM (1998) Effects of tempera- 
ture and tissue nitrogen on dormant season stem and branch 
maintenance respiration in a young loblolly pine (Pinus taeda) 
plantation. Tree Physiol 18: 11-20 

Pregitzer KS, Laskowski MJ, Burton AJ, Lessard VC, Zak DR 
(1998) Variation in sugar maple root respiration with root di- 
ameter and soil depth. Tree Physiol 18:665-670 

Pregitzer KS, DeForest JL, Burton AJ, Allen MF, Ruess RW, 
Hendrick RL (2002) Fine root architecture of nine North 
American trees. Ecol Monogr (in press) 

Qi J, Marshall JD, Mattson KG (1994) High soil carbon dioxide 
concentrations inhibit root respiration of Douglas fir. New 

, Phytol 128:435-442 
Raich JW, Schlesinger WH (1992) The global carbon dioxide flux 

in soil respiration and its relationship to vegetation and cli- 
mate. Tellus 44B:81-99 

Reich PB, Oleksyn J, Tjoelker MG (1996) Needle respiration and 
nitrogen concentration in Scots Pine populations from a broad 
latitudinal range: a common garden test with field grown trees. 
Funct Ecol 10:768-776 

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tun- 
dra: global convergences in plant functioning. Proc Natl Acad 
Sci USA 94:13730-13734 

Reich PB, Walters MB, Ellsworth DS, Vose JM, Volin JC, 
Gresham C, Bowman WD (1998a) Relationship of leaf dark 
respiration to >leaf nitrogen, specific leaf area and leaf life- 
sp&: a test across biomes and functional groups. Oecologia 
114:47 1-482 

Reich PB, Walters MB, Tjoelker MG, Vanderklein D, Buschena C 
(1998b) Photosynthesis and respiration rates depend on leaf 
and root morphology and nitrogen concentration in nine boreal 
tree species differing in relative growth rate. Funct Ecol 
12:395-405 

Reich PB, Ellsworth DS, Walters MB, Vose JM, Gresham C, Volin 
JC, Bowman WD (1999) Generality of leaf trait relationships: 
a test across six biomes. Ecology 80:1955-1969 

Ryan MG (1991) Effects of climate change on plant respiration. 
Ecol Appl 1:157-167 

Ryan MG (1995) Foliar maintenance respiration of subalpine and 
boreal trees and shrubs in relation to nitrogen content. Plant 
Cell Environ 18:765-772 

Ryan MG, Hubbard RM, Pongracic S, Raison RJ, McMurtrie R E  
(1996) Foliage, fine-root, woody tissue and stand respiration 
in Pinus radiata in relation to nitronen status. Tree Physiol - 
16:333-343 

Schleser GH (1982) The response of C02 evolution from soils to 
global temDerature changes. Z Naturforsch 37:287-291 

  ow ell JB, spbmer GG (1956) Ecotypic variation in root respira- 
tion rate among elevational populations of Abies lasiocarpa 
and Picea engelmannii. Oecologia 68:375-379 

SPSS (1998) SYSTAT 8.0: Statistics. SPSS, Chicago 
Tjoelker MG, Oleksyn J, Reich PB (1999) Acclimation of respira- 

tion to temperature and C02 in seedlings of boreal tree species 
in relation to plant size and relative growth rate. Global 
Change Biol5:679-691 

Weger HG, Guy RD (1991) Cytochrome and alternative pathway 
respiration in white spruce (Picea glauca) roots. Effects of 
growth and measurement temperature. Physiol Plant 83:675-681 

Yavitt JB, Fahey TJ, Simmons JA (1995) Methane and carbon di- 
oxide dynamics in a northern hardwood ecosystem. Soil Sci 
Soc Am J 59:796-804 

Zak DR, Holmes WE, MacDonald NW, Pregitzer KS (1999) Soil 
temperature, matric potential, and the kinetics of microbial 
respiration and nitrogen mineralization. Soil Sci Soc Am J 
63575-584 

Zogg GP, Zak DR, Burton AJ, Pregitzer KS (1996) Fine root res- 
piration in northern hardwood forests in relation to tempera- 
ture and nitrogen availability. Tree Physiol 16:719-725 


