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Abstract

Canopy respiration represents an important part of the carbon budget of black 

spruce forests. In this study I scaled hourly models of foliar maintenance respiration (Rm) 

to estimate canopy Rm for individual stands, and investigated issues in scaling the models 

to estimate canopy Rm using mean monthly temperature data. I used data from several 

stands to develop hourly stand-specific and stand-independent models of canopy Rm- 

Analysis of stimulated canopy Rm indicated that stand-level controls over foliar N 

concentration should be considered in models that estimate canopy Rm of black spruce 

stands across the landscape. Uncertainty analyses indicated that the parameter that 

describes maintenance respiration rate at 0 °C per g N has the greatest influence on 

annual estimates of canopy maintenance respiration. Finally, comparisons of monthly Rm 

between the hourly and monthly versions of the models indicated that mean monthly 

temperature can be used to drive models of canopy Rm with little loss of precision.
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Introduction

Boreal and tundra ecosystems cover approximately 25% of the earth’s land surface, 

and are estimated to contain 800 to 900 101:>g carbon (C), or about one third of the global 

terrestrial ecosystem total (Price and Apps 1995). These ecosystems contain 

approximately 40% of the world’s soil carbon inventory that is potentially reactive in the 

context of near-term climate change (McGuire et al., 1995; Melillo et al., 1995; McGuire 

and Hobbie, 1997). There is evidence that warming is occurring in some high latitude 

areas (Beltrami and Mareschal, 1991; Chapman and Walsh, 1993; Osterkamp and 

Romanovsky, 1999; Serreze et al., 2000), and that the warming may be impacting both 

ecosystem function and structure (Oechel et al., 1993, 1995; Chapin et al., 1995; Kurz et 

al., 1995; Kurz and Apps, 1999). Black spruce is an important, widespread species in 

northern North America and occurs in a variety of environmental settings. In interior 

Alaska, black spruce ecosystems cover 44% of the landscape (Viereck et al., 1986). Thus, 

black spruce forests have the potential to play an important role in determining whether 

boreal forests in North America will become sources or sinks for atmospheric CO2 in the 

context of climate warming (Goulden et. al., 1998).

Whether an ecosystem will be a source or sink for atmospheric CO2 is controlled by 

the balance between gross primary production (GPP, i.e., gross assimilation of carbon 

captured through photosynthesis) and ecosystem respiration, which includes autotrophic 

respiration (Ra) and decomposition (heterotrophic respiration). In black spruce forests, 

Ra can be responsible for nearly 80% of the CO2 fixed in photosynthesis, which is a
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higher percentage than in other mature boreal forest ecosystems (Ryan et al., 1997). 

Autotrotrophic respiration may also regulate productivity and C storage in boreal forest 

ecosystems (Ryan et al., 1997). In black spruce forests, foliage respiration has been 

documented to be 1.6 times as high as wood respiration (calculated from Ryan et al., 

1997), and thus, represents an important part of the C budget of black spruce forests.

The functional model of Ra usually divides Ra into the components of growth 

respiration (Rg) and maintenance respiration (Rm) (Ryan, 1991; Lavigne and Ryan 1997; 

Thomley and Cannell, 2000; Lusk and Reich, 2000). Traditionally Rm has been estimated 

as a function of plant biomass and temperature with the assumption that maintenance 

respiration rates increase logarithmically with a conservative Qio (between 2.0 and 2.3) 

over all temperatures (Raich et al., 1991). A number of studies have documented that Rm 

also depends on tissue nitrogen (N) content (Ryan, 1995; Lavigne and Ryan, 1997; Reich 

et al., 1998; Burton et al., submitted). This relationship exists because most plant N is in 

protein that is typically linked with metabolic activity, including protein repair and 

replacement. Burton et al. (submitted) found root respiration was highly correlated with 

root N concentration when standardized at a given temperature across eight forest types 

in North American biomes. Ryan (1995) developed a zero-intercept linear regression 

model between Rm and foliar N concentration at 10° C for different boreal forest stand 

types. Foliar Rm of boreal forest stands varies with temperature as well as with foliar N 

content (Ryan, 1997). Thus, models of foliar autotrophic respiration should consider both 

temperature and N content.
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In this study, my goals were first to investigate issues involved in scaling an hourly 

needle-level model to estimate canopy Rm of individual black spruce stands, and then to 

investigate issues involved in scaling a stand-level model to estimate canopy Rm of 

different black spruce stands using mean monthly temperature data. To accomplish these 

goals, I first developed a needle-level model of Rm for black spruce stands in interior 

Alaska based on foliar N concentration and ambient temperature. To estimate canopy Rm 

for individual stands, a needle-level model of Rm may need to account for variation in 

foliar N concentration within the canopy. For example, foliar N concentration may vary 

with canopy aspect, height in the canopy, and needle age, both within and among trees in 

the stand. To evaluate spatial scaling issues, I assessed factors responsible for variation in 

foliar N concentration to scale the needle-level model of Rm to estimate stand-level 

canopy Rm and compared the estimates of both stand-specific and stand-independent 

models. I then conducted uncertainty analyses to identify parameters that exerted a strong 

influence on simulation results. Finally, I scaled hourly stand-level models of canopy Rm 

to be driven with monthly temperature to evaluate whether the models could be applied 

with temperature inputs at monthly temporal resolution.
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Methods

Overview

In this study I scaled empirical hourly models of foliar R™ to estimate canopy Rm at 

the stand level, and investigated issues in scaling the stand-level models to estimate 

canopy Rm of different black spruce stands at monthly temporal resolution. Because foliar 

Rm depends on both N content and temperature, I measured foliar Rm over a range of 

temperatures and foliar N content in several stands so that I could identify parameters 

with respect to the relationship among foliar Rm, N content and temperature at the needle 

level. Next I assessed the components of variation in foliar N content within a stand and 

among stands to identify which factors should be considered in scaling the needle-level 

model to operate at the stand level. I then used data from individual stands to develop 

hourly stand-specific models of Rm for each stand. I also pooled data from all the stands 

to develop an hourly stand-independent model of stand-level canopy Rm which I refer to 

as the pooled model. To evaluate the importance of parameters in stand-level hourly Rm 

models and the performance of stand-specific and pooled models, I performed 

uncertainty analyses for both stand-specific and pooled models. Finally I re-estimated 

parameters with respect to the relationship between Rm, N content and temperature to 

develop monthly models of canopy Rm and evaluated the performance of these models.
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Relationship among foliar Rm, foliar N and air temperature

In order to establish the relationship between foliar Rm, N content and air 

temperature, I measured foliar Rm as a function of foliar N concentration and temperature 

in three stands (SI, S2, and S3). The study sites were located in Fairbanks (64°40’N, 

148°15’W), Alaska (SI: 64°52.164’ N, 147°51.462’ W; S2: 64°52.058’ N, 147°51.378’ 

W; S3: 64°51.603’ N, 147°52.789’ W). Black spruce is the only overstory species in all 

the stands, but the stand age, tree density and diameter at breast height of trees differed 

among stands. For each stand I measured needle respiration, air temperature, and foliar N 

concentration. Needle respiration was measured on 0-year-old (current year), 1-year-old 

and 4-year-old needles between 13 and 25 August 1999. Because respiration was 

measured on fully expanded foliage, it represents foliar Rm only because growth (and 

growth respiration) had ceased.

I randomly selected three trees and one branch on each of the trees for the three 

stands SI, S2, and S3, respectively. In each of branches I randomly selected one current- 

year, 1-year-old, 4-year-old, and 9-year-old shoots on each branch. Measurements were 

made on detached shoots with attached needles, which were placed within a XL conifer 

chamber linked to a LICOR 6400 portable photosynthesis system (Li-Cor Inc., Lincoln, 

Nebraska) and expressed as pmol CO2 shoot'1 s '1.1 assumed that in comparison to needle 

respiration, that respiration from the stem within a shoot was negligible. The conifer 

chamber was covered with black cloth to prevent photosynthesis from occurring. I used a 

LI-6200 to evaluate whether Rm measurements on intact shoots differed from 

measurements on detached shoots, but no significant differences were found. Reich et al.



(1998) also reported no difference in respiration rates for intact and detached foliage of 

species from four functional groups in six biomes traversing the Americas. Measurements 

were made by enclosing detached shoots within the chamber and covering the chamber 

with a black cloth. Chamber temperature was maintained at ambient temperature and 

shoot respiration rate was allowed to stabilize before measurements were logged. This 

typically occurred within 30 minutes. After respiration measurements, samples were oven 

dried at 50° C for three to five days, and needles were ground through a 20 pm mesh 

screen, and analyzed for total N on an auto analyzer (Leco CNS-2000 Analyzer).

The respiration measurements were used to estimate parameters in a nonlinear 

regression model that relates needle maintenance respiration to N content and 

temperature:

Rmn
—  = Ar eRrT (1)
N

where Rmn is foliar maintenance respiration of the shoot (g C s'1), N is the mass of 

nitrogen for the needles on the shoot (g), T is air temperature (° C), Ar is foliar 

maintenance respiration rate at 0° C per gram N per second (g C g N"1 s’1), and Rr is a 

parameter that defines the exponential sensitivity of maintenance respiration rates to 

temperature over all temperatures. For the regression that was fitted using data from all 

three stands, Ar and Rr are among-stand parameters for the model. Based on the needle- 

level model, I developed three stand-specific models for SI, S2, and S3 that considered

variation in foliar N concentration among stands and one pooled model for the three

• • 2 1 stands to estimate hourly stand-level canopy maintenance respiration (RmC; g C m hr'1):

6
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Rmc = (3600 Ar eRrTh) I  Ni (2)
i =1

where Th is mean hourly temperature and XNj is needle N per m'2 in a stand, which is

determined by summing over each component i (e.g., foliage age within a tree, trees 

within a stand ) that contributes significantly to variability in foliar N within the canopy. 

Monthly and yearly estimates of canopy Rm were obtained by summing hourly canopy 

respiration over the month or year with respect to variation in hourly temperature.

Assessment of important components of canopy N variation

In a preliminary survey I found that canopy aspect and height did not significantly 

influence the variation of N concentration in needles, and that needle age and individual 

trees within a stand explained over 90% of the variation of foliar N. Therefore, I focused 

field work on determining how needle N varies with needle age, with trees in a stand, and 

among stands. In addition to the three stands (SI, S2, S3) in which I measured needle 

respiration, I added two more black spruce stands (S4, S5) in Delta, Alaska (64° 10’ N, 

145°30’ W) to assess variation in these components of canopy N. In each stand, 30 trees 

were randomly selected for sampling. Within each tree, five samples were collected from 

the southern aspect of the mid-canopy height from each of the following age classes: 0-, 

1-, 4-, 9-, and 19-years old. In two stands (S2, S3), 20-year old needles were not present. 

A total of 690 samples over the five stands include 150 samples per stand in three stands 

(SI, S4, S5) and 120 samples per stand in the other two stands (S2, S3). I used the 

methods described earlier to determine needle N concentration.
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I used a three-factor nested analysis of variance (ANOVA) to evaluate differences 

in needle N concentration among the ages of needles on a tree, among trees nested within 

a stand, and among stands. Ages and stands were treated as fixed factors and trees were 

treated as a random factor. The ANOVA and means testing for these differences used 

Proc GLM in the SAS statistical package with needle N content as the dependent variable 

and needle age, tree, and stand as independent variables. The GLM procedure handled the 

problem of missing treatment combinations within the ANOVA. Type III sum of squares 

was used to test the effects of factors without interactions.

Development and evaluation of the hourly models of canopy Rm

I developed an hourly stand-specific model of canopy Rm for each stand in 

Fairbanks (SI, S2, S3) by combining the needle-level empirical model with assumptions 

about the needle-age distribution and with stand-specific equations that related N 

concentration to needle age and with stand-independent equations that related the canopy 

biomass to the diameter of trees in a stand. The model used air temperature measured at 

the Bonanza Creek Experimental Forest located near Fairbanks to simulate canopy Rm for 

each of the black spruce forest stands.

I developed allometric equations that related canopy biomass (kg C) to the diameter 

of trees from the three stands in Fairbanks. In September 1999, five trees in each of the 

three stands were obtained from outside the plots for destructive sampling. All branches 

with needles were divided into shoots with current-year foliage and shoots with older 

foliage and weighed separately. I selected subsamples of 200 g from foliage-bearing
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shoots from the current year and older samples. The ratios of wet weights of new and old 

age classes were calculated. The subsamples were dried at 70° C for 48 hours and then 

reweighed. The total dry weight of new or old needles for each tree sampled was 

calculated by multiplying the dry weight of subsamples by the ratios of wet weight. The

shoots) was then evaluated to carbon units assuming that carbon content is 50% of dry 

weight which was approximately carbon concentration of needle samples analyzed for 

nitrogen content.

From these data, I developed two equations for canopy biomass (kg C),

to relate new-(current-) year needle mass (Lp) and older needle mass (L0) of a tree to 

diameter at breast height (dt) of the tree. I set up a 15 x 15 m plot in each of the three 

stands SI, S2, and S3. Within the plots, I counted all trees that were over 2 cm of DBH 

and recorded the values of their DBH. I used the allometric equations above to calculate 

Ln and L0, and then used the sum of Ln and L0 to calculate the total needle mass of trees 

within the plots.

I partitioned canopy biomass of needles by needle age, and assumed that needles do 

not survive for more than 20 years in black spruce. The range of needle age was 

distributed between current year (i = 0) and 19 years (i = 19). I expressed the proportion 

of needles in each age class (Pi) as

estimated dry weight of new or old needles (including both stem and needle tissue of the

Ln bno bni (logio (dt)) (3)

L0 = bo0 + b0i (logio (dt)), (4)

(5)

1=0
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where k is needle turnover in yr'1, which I estimated as 0.05582 from the ratio of needle 

litter fall and canopy biomass from Tables 6 and 7 of Gower et al. (1997). This estimate 

of k was similar to estimates of k based on Van Cleve et al. (1981).

Because foliar N  concentration decreases with increasing needle age (Horn and 

Oechel, 1983) I fitted a nonlinear regression model for each stand and for the pooled data 

from the five stands, expressed as

[N]i = An e (R"i) (6)

where i is needle age (from 0 to 19 yr), [N]j is needle N  concentration for i-year old 

needles (%) and An and Rn are regression coefficients. Thus, I had three stand-specific N  

concentration models for each of three stands in Fairbanks (SI, S2, and S3) and one 

pooled model developed from data pooled across the five stands.

I combined equations 3, 4 , 5, and 6 to estimate total needle N  (X N j) of all trees (T ) in 

a stand by summing up individual trees (t), expressed as follows:

£  j :
I  Ni = L  {An e (R" '> z  [ 19 ( bn0 + bnl log10(dt) + b„o + b„, log10(dt) ) ] } (7)

i=0 t=l Y se
i = 0

For each stand, I calculated two estimates of canopy Rm (equation 2) by combining 

equations 1 and 7 based on stand-specific estimates and pooled estimates for parameters 

An and Rn. These models used pooled estimates for the other parameters (Ar, Rr, k, bno, 

bni, b0o, and b0i). For each stand, I also conducted an uncertainty analysis for annual 

canopy Rm between 1990 and 1997 by performing independent sets of 100 Monte Carlo 

iterations applied to nine parameters in applications of the models that used hourly air



temperature from the Bonanza Creek Experiment Forest as input data. These uncertainty 

analyses were performed to relate the variability of the model predictions to variation in 

parameters of interest, for which I specified a normal distribution centered on a mean 

defined by my initial estimate of the parameter. The standard deviation of the normal 

distribution in the uncertainty analyses was specified as the standard error of the initial 

parameter estimate. The variability of predictions was used to identify parameters that 

exerted a strong influence on simulation results. Simple Pearson correlation coefficients 

(r) were calculated between each of the parameters and the model predictions. Similar to 

Turner et al. (1994), I used the squared Pearson correlation coefficient (r2) as a measure 

of the percentage of the total variance in the model prediction that was explained by the 

variability of each of the parameters.

Development and evaluation of monthly stand-level models of canopy Rm

I re-estimated parameters with respect to the relationship between Rm, N content 

and temperature to develop monthly models of canopy Rm and evaluated the performance 

of these models for each stand. I ran hourly stand-level models of canopy Rm from 1990 

through 1997 to simulate hourly Rm, which was then aggregated to estimate monthly Rm- 

Monthly Rm was divided by N content within stands to determine monthly Rm per unit N. 

To estimate the monthly-scale values of Ar and Rr in equation 2 ,1 used nonlinear 

regression to determine the relationship between monthly Rm per unit of N and mean 

monthly air temperature. I developed monthly stand-specific models for each of the three 

stands in Fairbanks and a monthly pooled model for application to all stands. These
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models used the new estimates of parameters Ar and Rr and monthly temperature as input 

data to simulate canopy Rm at monthly resolution for each stand. Finally I compared 

monthly estimates from the monthly model simulation to monthly estimates from the 

hourly model simulation aggregated to monthly resolution, and calculated an index of 

temporal aggregation error (Ea):

96

where Mj and Hj are monthly canopy R„, estimates of the corresponding monthly and 

hourly models, respectively, and i is the month starting in January 1990 and ending in 

December 1997.
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Results

Needle-level models of Rm

For each of the three stands in Fairbanks (SI, S2, S3), the nonlinear relationship 

(not shown) between air temperature T, foliar N and Rm significantly explained variation 

in Rm (P < 0.001, P < 0.009, and P < 0.001 for SI, S2, and S3 respectively). However, 

the models of needle Rm for the three stand were not significantly different from each 

other because the standard errors of the coefficients of fitted models for each of three 

stands were large (the 95% confidence intervals of Arare [-0.032, 0.342], [-0.029, 0.233], 

and [-0.288, 0.542] for SI, S2, S3, respectively; the 95% confidence intervals of Rr are [- 

0.0319, 0.0871], [0.014, 0.126], and [-0.120, 0.210] for SI, S2, S3, respectively). The 

pooled model significantly explained variation in Rm (P < 0.001) (see Figure 1), and the 

coefficients of the regression were significantly different from 0 (P = 0.046 and P < 0.001 

for Ar and Rr, respectively). Also, 95% confidence intervals for Ar [0.001, 0.089] and Rr 

[0.051, 0.141] were substantially smaller than the confidence intervals for the stand- 

specific relationships. Thus, I used the pooled model for needle Rmn to develop stand- 

level models of canopy Rm-
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T(°C)

Figure 1. Needle-level model of Rmn/N = Ar eR' T, where Rmn is CO2 efflux from needle 

maintenance respiration (g C s'1), T is air temperature (°C), and N is foliar nitrogen content (g N). 
For the pooled data from the three stands (SI, S2, S3): Rn,„ / N = 0.0447 e00959T (r2 = 0.480, P = 
0.046 for Ar and P < 0.001 for R,, n = 36).
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Estimation of foliar N within stands

Although there were significant differences in foliar N concentration among stands, 

trees and needle-age classes (Table 1), the contributions of these factors to variation of 

foliar N concentration were different. Needle age and stand explained 35.9% and 40.2% 

of variation in foliar N concentration, respectively. Trees within a stand, however, only 

explained 6.4% of the variation.

Table 1. Results from ANOVA to determine the contribution of variation among stands, trees, 

and needle age to variation in foliar N concentration.

Source df Mean square F P

Stand 4 1.14424 263.63 0.0001

Tree (Stand) 145 0.02162 4.98 0.0001

Needle age 4 1.87698 432.45 0.0001

Error 529 0.00434
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Among the five stands, needle N concentration ([N]) decreased with increasing 

needle age in a non-linear fashion (Figure 2). I fitted a nonlinear equation (equation 6:
n :

[N] = An e ") to determine relationships between [N] and needle age i for each of the 

three stands (SI, S2, and S3) and for data pooled across the five stands (SI, S2, S3, S4, 

and S5). The fitted models were all significant (P < 0.001 for SI, S2, S3, and the pooled 

data). For SI, S2, and S3, the relationship explained 63.5%, 37.8%, and 52.8%, 

respectively, of variation in foliar N concentration associated with needle age. The pooled 

model explained 26.1% of the variation in foliar N concentration associated with needle 

age. Because the three stand-specific relationships are significantly different from each 

other, I used the stand-specific relationships in developing the stand-specific models of 

canopy Rm for each of three stands in Fairbanks (SI, S2, and S3).

The relationships in Figure 2 suggest that foliar N concentrations are primarily 

controlled by stand-specific factors. To identify stand-level control over foliar N 

concentration, I examined stand-specific factors that I hypothesized might be important. 

These factors included tree density (Figure 3), distribution of tree diameter (Figure 4), 

soil temperature (Figure 5), the depth of thaw (not shown), and the community 

composition of understory species (not shown). None of the factors I examined explained 

variation in foliar N concentration among stands.
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Leaf age (years)

Figure 2. Relationships between N concentration and needle age for five stands (SI - S5). The 
error bars indicate standard errors. Pooled and stand-specific nonlinear models, [N] = An eR”‘, 

were fit to the data, where [N] is foliar N concentration (%), i is needle age (yr). For the pooled 

data from the five stands (SI - S5): [N] = 0.732 e 002321 (r2=0.261, P < 0.001 for An and P < 0.001 
for Rn, n = 684). For the data from SI: [N] = 0.935 e'00295 ‘ (r2=0.635, P < 0.001 for Ar and P < 

0.001 for Rn, n = 149). For the data from S2: [N] = 0.602 e-00325* (r2=0.378, P < 0.001 for Ar and 

P < 0.001 for R„,n = 119). For the data from S3: [N] = 0.684 e 00437i (r2=0.528, P < 0.001 for Ar 
and P < 0.001 for Rn, n = 118).
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Figure 3. The densities of trees and seedlings in stands SI, S2, and S3

Figure 4. The distributions of diameter at breast height (DBH) in stands SI, S2, and S3. 

Labeled values for the DBH class axis identify the middle of the DBH categories.

Figure 5. Soil temperatures at depths of 0 cm and 5 cm in stands SI, S2, and S3 from 

August 2, 1999 through September 14, 1999.
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For data pooled across stands, needle mass was related to diameter at breast height 

(dt) in a logarithmic fashion (Table 2). The relationships were significant (P < 0.001). I 

used the allometric equations to predict needle mass given the distribution of dt for each 

of the three stands, respectively. Needle mass of SI, S2, and S3 was estimated to be 

618.7, 283.3, 847.6 g C m ' ,  respectively. Based on my assumptions about the 

distribution of needle age, I combined equations 3, 4, 5, and 6 to calculate the foliar N for 

each stand with equation 7. For the stand-specific equations of SI, S2, and S3, foliar N of 

SI, S2, and S3 was estimated to be 1.99, 0.14, and 0.73 g N m’2, respectively. For the 

pooled equation, foliar N of S1, S2, and S3 was estimated to be 1.08, 0.49, and 1.48 g N 

m ", respectively.

Table 2. Sample size (n = trees), regression coefficients, r2 (coefficient of determination), and 

mean square error (MSE) for logarithmic relationships between needle carbon (kg) and diameter 

at breast height (dt) of new foliage (NF) and old foliage (OF). Relationships were determined

from data pooled across the three stands. Both relationships were described by the equations Y = 

a + b (log10X ), where X is stem diameter (cm) at breast height (1.37 m) and Y is carbon mass of 

needles (kg C).

dt range Tissue n a b r2 MSE

2-12 NF 15 -0.181 0.484 0.655 0.006

2-12 OF 15 -0.734 2.252 0.692 0.115
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Evaluation of the hourly stand-level models of canopy Rm

Based on the relationships for Rmn with temperature and needle N content, needle N 

concentration with needle age, and canopy needle mass with tree diameter, I developed 

stand-level hourly models of canopy Rm. The models were developed using stand- 

specific estimates and pooled estimates for parameters An and Rn in the relationship 

between foliar N concentration and needle age, and pooled estimates for other 

parameters. I evaluated the stand-specific models based on the parameters I estimated for 

each model. By comparing the simulation of the stand-specific and pooled models, I was 

able to examine issues involved in scaling stand-level models to estimate canopy Rm-

I conducted uncertainty analyses on annual estimates of canopy Rm by performing 

independent sets of 100 Monte Carlo iterations applied to nine parameters (Tables 3 and 

4). The comparison of simulated annual canopy Rm from 1990 through 1997 identified 

differences between stand-specific models and the pooled model for each of the three 

stands and there was little inter-annual variance among the eight years (see Figure 6 for 

1997 estimates). For SI and S3, estimated canopy Rm is higher using stand-specific 

models than using the pooled model (for SI: t-test, T = 39.0, P < 0.001, df = 198; for S3: 

T = 3.6, P < 0.001, df = 198). The pooled model on average estimated 28.1% and 6.8% 

lower than the stand-specific model for SI and S3, respectively. For S2, however, Rm 

estimated by the pooled model is 7.7% higher than the estimate by the stand-specific 

model (t-test, T = 22.6, P < 0.001, df = 198). The comparison of foliar N estimates 

between stand-specific models and the pooled model for each of the three stands (Figure
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7) explained differences in canopy Rm estimates between the stand-specific and pooled 

models.

Table 3. Mean and standard deviation of normal distributions for stand-independent parameters 

used in the uncertainty analyses (see methods).

Parameter Symbol Description Mean Standard deviation

Ar Coefficient in needle Rm model 0.045 0.022

Rr Exponential coefficient in needle 

Rm model

0.096 0.022

k Needle turnover 0.059 0.005

b n O Intercept o f allometric equation for 

needle mass o f new foliage

-0.181 0.062

bnl Slope of allometric equation for 

needle mass of new foliage

0.484 0.101

b o o Intercept o f allometric equation for 

needle mass o f old foliage

-0.734 0.266

b0i Slope of allometric equation for 

needle mass o f old foliage

2.252 0.434

quantity: L0 = b^ + b0i (logio (dbh)). The parameters were determined from the data pooled 

across stands. Mean and standard deviation were obtained from regression analyses for each of 

empirical models, where the standard deviation is equal to the standard error of the parameter 

estimate. The parameter k was estimated using data from Gower et al. (1997) and its standard 

deviation was assumed to be 10% of its value.
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Table 4. Mean and standard deviation of normal distributions for stand-specific parameters used 

in the uncertainty analyses (see Methods).

Parameter Description Mean Standard deviation Mean Standard deviation

Symbol (stand-specific (stand-specific (pooled model) (pooled model)

models) models)

SI S2 S3 SI S2 S3

An Coefficient in N concentration model 0.963, 0.621, 0.685 0.041,0.019, 0.013 0.742 0.042

Rn Exponential coefficient in N -0.030, -0.032, -0.005 0.006, 0.006, 0.005 -0.021 0.007

concentration model

Age (i)-specific foliar N concentration = An e ( .In stand-specific models the values of 

parameters An and R„ in the table were determined from data from each of three stands SI, S2 and 

S3, respectively. In the pooled model, data from three stands were determined from the data 

pooled across stands. Mean and standard deviation were obtained from regression analyses for 

each of empirical models, where the standard deviation is equal to the standard error of the 

parameter estimate.



23

CMi

E
o
3

o
E

O '

S1 S2 S3

Figure 6. Comparison of simulated annual canopy Rm in 1997 between stand-specific 

and pooled models for each of three stands (SI, S2, and S3). Error bar indicates standard 

error from uncertainty analysis based on 100 Monte Carlo simulations.
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Figure 7. Comparison of simulated foliar N between stand-specific and pooled 

models for each of three stands (SI, S2, and S3). Error bar indicates standard error 

from uncertainty analysis based on 100 Monte Carlo simulations.
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For each model, variance in annual canopy Rm was associated primarily with Ar, 

which explained over 55% of the variance in each of the three stands for the stand- 

specific models and for the pooled model (Figure 8). The uncertainty analyses indicated 

that the differences in the estimates of Ar have large effects on estimates of canopy Rm. 

For both stand-specific and pooled models, b0i is the second most important parameter, 

explaining between 12% and 18% of the variance. Among the stand-specific models, An, 

a parameter in the N concentration relationship, was an important factor for S3, which 

had the lowest canopy N among the three stands.

To evaluate whether the sample size across the three stands was adequate, I 

decreased sample size from 36 to 30, 25, 20, 15 and 10 by randomly selecting samples 

from the original data each time to evaluate how the standard error (SE) of Ar varies with 

sample size (n). This analysis indicated that when n < 20, SE of Ar decreased rapidly with 

an increase in n. In contrast, SE didn’t change substantially with increase in n when n > 

20. Thus, it appeared that the SE in Ar would not be substantially reduced by increasing 

the size of the pooled sample.
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Figure 8. Comparison of variance explained by parameters in uncertainty analyses of annual R™ 

in 1997 between applications of stand-specific (a) and pooled models (b) to the three stands (SI, 

S2 and S3). Percentage identifies variation explained by an individual parameter relative to 

variation explained by all parameters. The variation explained by all parameters was greater than 
95% of the variance in all cases. There was little variability in these patterns among the different 

years. See Table 3 and 4 for parameter definitions and values.
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Evaluation of the monthly stand-level models of canopy Rm

I re-estimated parameters Ar and Rr in equation 1 to estimate stand-level canopy Rm at 

monthly temporal resolution so that stand-specific and pooled models simulated canopy 

Rm with mean monthly temperature data. The values estimated for parameters Ar and Rr 

were, respectively, 0.0202 and 0.0254 for SI; 0.0149 and 0.0681 for S2; 0.387 and 

0.0425 for S3; and 0.00693 and 0.0961 for the pooled model. Comparisons of monthly 

Rm between the hourly and monthly versions of the models indicated that there was very 

little difference between the estimates of corresponding hourly and monthly models 

(Figure 9). For the application of the stand-specific models to each of the three stands,

51, S2, and S3, the index of temporal aggregation error (Ea) was 0.046, 0.019, and 0.004 

g C m'2 month-1, which was 0.51%, 0.59%, 0.73% of the mean monthly canopy Rm 

between January 1990 and December 1997. For the applications of pooled model to SI,

52, and S3, the index was 0.016, 0.010, 0.007 g C m-2 month-1, which was 0.63% of mean 

monthly canopy Rm for all three stands. The agreement between hourly and monthly 

models suggests that the hourly models can be aggregated to use monthly input data with 

little loss of precision.



(g 
C 

m
'2 

m
on

th
'1)

Figure 9. Comparison of monthly canopy maintenance respiration (R^c) between hourly and 

monthly models for stands SI, S2 and S3, respectively from January 1990 through December 

1997. The estimates of the hourly models were aggregated to monthly temporal resolution.
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Discussion

Traditionally Rm has been estimated as a direct function of plant biomass with a 

conservative Qio over all temperatures. Because, however, 50 to 60% of Rm supports 

protein turnover (Penning de Vries 1975), for many species Rm generally increases 

linearly with tissue N content (Kawahara et al., 1976; Jones et al., 1978; Merino et al., 

1982; McCree 1983; Waring et al. 1985; Irving and Silsbury 1987). Burton et al. 

(submitted) found root respiration was highly correlated with root N concentration and 

temperature across eight forest types in North American biomes. Based on the 

observation that Rm increases linearly with tissue N content, Ryan (1995) proposed a 

nitrogen-based foliar Rm model for boreal forests. Reich et al. (1998) also found highly 

positive relationships between Rm and foliar N from four functional groups (forbs, broad- 

leaf trees and shrubs, and needle-leaf conifers) in six biomes across the Americas. A 

general model estimating Rm from temperature and tissue N content has also been 

proposed (Ryan 1991), but has not been widely tested for different species and 

ecosystems.

As an important, widespread species in northern North America, covering 44% of 

the landscape in interior Alaska (Viereck et al., 1986), black spruce forests have the 

potential to play an important role in determining whether boreal forests in North 

America will become sources or sinks for atmospheric CO2 in the context of climate 

warming (Goulden et. al., 1998). In black spruce forests, Ra can be responsible for nearly 

80% of the CO2 fixed in photosynthesis, which is a higher percentage than in other
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mature boreal forest ecosystems (Ryan, 1997) and foliage respiration has been 

documented to be 1.6 times as high as wood respiration (calculated from Ryan 1997), and 

thus, represents an important part of the C budget of black spruce forests. In order to 

estimate canopy Rm across the landscape, we must clarify spatial and temporal issues 

involved in scaling needle-level models. The goals of this study were to scale empirical 

hourly models of foliar Rm to estimate canopy Rm at the stand level for black spruce 

forest stands in interior Alaska, and to investigate issues in scaling the stand-level models 

to estimate canopy Rm of different black spruce stands with monthly temperature data.

It is important to consider N variation in modeling canopy Rm- Compared to other 

stand factors, needle age was the most important factor to influence foliar N 

concentration within a stand, and foliar N concentration covaried with needle age in a 

similar fashion among stands. The comparison of simulated annual canopy Rm identified 

significant differences between stand-specific and pooled models for each of stands, 

which indicates that stand-level controls over foliar N concentration should be considered 

in models that estimate canopy Rm of black spruce stands across the landscape. In this 

study, I was not able to identify the factors that explain variability in foliar N 

concentration among stands. Clearly more research effort is required to elucidate stand- 

level controls over foliar N concentration in black spruce forests.

I conducted uncertainty analyses to evaluate the accuracy to which parameters in 

the models should be determined. The results of these analyses were similar among the 

models. Although many parameters had effects on canopy Rm for each model, only a few 

parameters dominated the variability in estimating annual canopy Rm- In both stand-
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specific and pooled models, the parameter Ar, which describes maintenance respiration 

rate at 0 °C per g N, had a profound effect on estimates of annual canopy Rm for each of 

the three stands. This suggests that increasing the accuracy of Ar would be the most 

effective way to improve annual estimate of canopy Rm. My analysis on the effects of 

sample size on Ar indicates that the standard error of Ar may be difficult to reduce when 

sample size is greater than 20 measurements. Shoot respiration, which I assumed was 

negligible, may be a factor that affects the variability in measured Rmn and may inflate 

the SE of Ar. Also, the measurements of needle respiration in this study were 

representative of the upper tail (15°C -  24° C) in the distribution of hourly temperature 

that ranged from -41.2° C to 33.2° C in Fairbanks among 1990 and 1997. It may be 

possible to more precisely and accurately estimate Ar by measuring respiration near 0 °C.

The uncertainty in Ar raises the question of whether or not it is appropriate to use 

the model for estimating winter canopy Rm. To evaluate this issue, I compared simulated 

canopy Rm with field-based estimates of winter ecosystem respiration for a black spruce 

stand (Goulden et al., 1998; Clein et al., In press) that was part of the Boreal Ecosystem 

Atmosphere Study (BOREAS; Sellers et al., 1997). Because ecosystem respiration is the 

sum of autotrophic and heterotrophic respiration, simulated winter canopy Rm should be 

considerably less than winter respiration for the entire ecosystem. For the winter season 

(December, January, and February), the average simulated canopy Rm of the stands in my 

study (0.61, 0.18, 0.34 g C m'2 month"1 for SI, S2, and S3 using stand-specific models) 

was substantially less than field-based estimates of ecosystem respiration for the 

BOREAS black spruce stand (7.03 g C m"2 month"1; Clein et al., In press). Thus, the
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winter estimates of canopy Rm by the models in this study appear to be reasonable, which 

suggests that the estimate of Ar is also reasonable.

I was interested in whether the canopy maintenance respiration model I developed 

in this study would be useful for incorporation into large-scale ecosystem models. It is 

not uncommon for large-scale ecosystem models to be driven with monthly climate 

inputs (Heimann et al., 1998; Cramer et al., 1999; Kicklighter et al., 1999; McGuire et al., 

In press). For the hourly model to be useful for application in large-scale ecosystem 

models that are driven with monthly input data, the hourly model needs to be scaled so 

that it is driven by monthly temperature data. To evaluate whether the hourly model 

could be aggregated to operate with monthly input data, I re-estimated parameters in a 

relationship of needle maintenance respiration with nitrogen content and mean monthly 

temperature. The agreement between the hourly and monthly models suggests that the 

hourly models can be aggregated to use monthly input data with little loss of precision.
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Conclusion

In this study, I first developed a needle-level model of Rm for black spruce stands in 

interior Alaska based on N concentration and ambient temperature. Second, I assessed the 

components of variation in foliar N content within and among stands to identify which 

factors should be considered in scaling the needle-level model to operate at the stand 

level. The results indicated that needle age and stand are the most important factors.

Third, I used variation in foliar N concentration among stands to develop hourly stand- 

specific models for each stand and also used these relationships to develop an hourly 

stand-level pooled model. The comparison of simulated annual canopy Rm indicated that 

controls over foliar N concentration should be considered in models that estimate canopy 

Rm of black spruce stands across the landscape. For stand-level models, uncertainty 

analyses indicated that a few important parameters dominated the variability in 

estimating annual canopy Rm. Of the parameters, the most important parameter is the one 

that describes maintenance respiration rate at 0 °C per g N, which needs to be estimated 

with greater precision and accuracy. Finally, comparisons of monthly Rm between the 

hourly and monthly versions of the models indicated that monthly input data can be used 

to drive models of canopy Rm with little loss of precision.
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