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Abstract

Specific root respiration rates typically increase with increasing tissue N concentration. As a result, it is often assumed

that external factors inducing greater root N concentration, such as chronic N deposition, will lead to increased respi-

ration rates. However, enhanced N availability also alters root biomass, making the ecosystem-level consequences on

whole-root-system respiration uncertain. The objective of this study was to determine the effects of chronic experi-

mental N deposition on root N concentrations, specific respiration rates, and biomass for four northern hardwood

forests in Michigan. Three of the six measurement plots at each location have received experimental N deposition

(3 g NO�
3 -N m�2 yr�1) since 1994. We measured specific root respiration rates and N concentrations of roots from

four size classes (<0.5, 0.5–1, 1–2, and 2–10 mm) at three soil depths (0–10, 10–30, and 30–50 cm). Root biomass data

for the same size classes and soil depths was used in combination with specific respiration rates to assess the response

of whole-root-system respiration. Root N and respiration rate were greater for smaller diameter roots and roots at

shallow depths. In addition, root N concentrations were significantly greater under chronic N deposition, particularly

for larger diameter roots. Specific respiration rates and root biomass were unchanged for all depths and size classes,

thus whole-root-system respiration was not altered by chronic N deposition. Higher root N concentrations in combi-

nation with equivalent specific respiration rates under experimental N deposition resulted in a lower ratio of respira-

tion to tissue N. These results indicate that relationships between root respiration rate and N concentration do not

hold if N availability is altered significantly. For these forests, use of the ambient respiration to N relationship would

over-predict actual root system respiration for the chronic N deposition treatment by 50%.
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Introduction

Strong relationships often exist between plant tissue N

concentration and respiration rate (Ryan et al., 1996;

Atkinson et al., 2007; Reich et al., 2008). As a result, tis-

sue N concentration can be used to predict or model tis-

sue respiration rates (e.g. Rastetter et al., 1991; Amthor,

2000; Hanson et al., 2004). For roots, N concentration

has explained differences in respiration rate among

plant species (Burton et al., 2002; Tjoelker et al., 2005),

root size and depth classes (Pregitzer et al., 1998; Desro-

chers et al., 2002; Chen et al., 2010; Ugawa et al., 2010),

and sites with different inherent N availability (Burton

et al., 1996; Zogg et al., 1996).

Increases in soil N availability can occur with both

chronic N additions and soil warming (Magill et al.,

2000; Rustad et al., 2001; Melillo et al., 2002, 2011), lead-

ing to speculation that such factors may lead to greater

root tissue N concentration and higher respiration rates

(Pregitzer et al., 1998). Indeed, this is what ecosystem

models that utilize tissue N-respiration relationships

would predict under such situations, unless otherwise

constrained. However, empirical evidence supporting

such a response is lacking. Several experiments have

demonstrated higher root N concentration in response

to chronic N additions of 5–15 g N m�2 yr�1 (Magill

et al., 2004; Jia et al., 2010), but these did not always

result in equivalent increases in root respiration (Jia

et al., 2010). In other cases, lower levels of chronic N

inputs had no effect on root N concentration or respira-

tion rate (Pregitzer et al., 1998). Elevated N availability

can also alter ecosystem root biomass, typically reduc-

ing it (Haynes & Gower, 1995; Magill et al., 2004; Bakker

et al., 2009; Jia et al., 2010; Zhou et al., 2011). At the eco-

system level, such a response could counteract any
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positive effect of higher tissue N on specific respiration

rates. Thus, net effects of long-term increases in N avail-

ability on total ecosystem root respiration are uncertain.

Herein, we report results of a re-examination of root

N concentration, specific respiration rate and biomass

in a long-term N deposition experiment in which four

sugar maple (Acer saccharum Marsh.) dominated north-

ern hardwood forests have received experimental

chronic NO�
3 deposition at a rate of 3 g N m�2 yr�1

since 1994. Earlier measurements at the study sites have

indicated no changes in these parameters in response to

the chronic N deposition treatment (Zogg et al., 1996;

Pregitzer et al., 1998; Burton et al., 2004). In the present

study, we assessed the comprehensive responses across

multiple root size classes and depths during the 16th

year of the experiment. Respiration and N concentra-

tion of the deeper, larger diameter roots had not been

examined in detail since 1996 (Pregitzer et al., 1998).

Specific objectives were to determine if: (i) chronic N

deposition had increased root N concentration,

increased root specific respiration rate, or decreased

root biomass; (ii) whole-root-system respiration had

been altered by chronic N deposition; and (iii) a com-

mon relationship for predicting root respiration from

tissue N was still valid for roots from both the ambient

and N deposition treatments.

Materials and methods

Our study was conducted at four locations along a 500-km

climatic gradient, extending from central Lower Michigan to

Upper Michigan. All sites contain second-growth northern

hardwood forests on sandy Spodosol soils, dominated by

sugar maple (71–91% of basal area, Table 1). In 2009, the dom-

inant overstory trees were approximately 100 years old, and

average basal area was 35 m2 ha�1 (Table 1). At each site,

there are three control plots, which receive ambient N deposi-

tion, and three plots that received chronic experimental N

deposition beginning in 1994, with 3 g NO�
3 -N m�2 yr�1

applied as NaNO3 in six 0.5 g N increments every 4 weeks

during the growing season. This treatment simulates elevated

atmospheric N deposition, and represented an addition of

2.5–4 times ambient atmospheric N deposition (Table 1).

Between 24 July and 5 August 2009, respiration rates were

measured using an infrared gas analyzer (IRGA) on roots

taken from three soil depth increments (0–10, 10–30, and 30–

50 cm) and sorted into four diameter classes (<0.5, 0.5–1, 1–2,
and 2–10 mm). One sample was collected per depth and root

diameter class from each plot at each site. Soil samples were

collected using a 10-cm-diameter by 40-cm-long steel soil corer

(Jurgensen et al., 1977). For the 0–10 cm depth, the cores were

taken beneath the loose litter layer (Oi) and were comprised of

Oe and Oa horizon plus mineral soil to a total depth of 10 cm.

The corer was then driven to a depth of 30 cm to collect the

sample from the 10–30 cm depth. Finally, soil was removed

from the top 20 cm of an area surrounding the corer to facili-

tate driving the corer to a depth of 50 cm to collect the 30–

50 cm sample.

Live roots were hand sorted from the soil samples and

brushed free of adhering soil and organic matter. They were

then divided by diameter class, using scissors to separate roots

into their respective size classes. Live roots were distinguished

by white, cream, red, tan, or brown coloration, a smooth

appearance, and, for larger woody roots, a moist, light colored

interior. Dead roots were often black or dark brown, were brit-

tle, and had frayed, rough edges. For very fine roots (<0.5 mm

Table 1 Selected characteristics of four northern hardwood forests in Michigan, USA

Characteristic Site A Site B Site C Site D

Latitude (N) 46°52′ 45°33′ 44°23′ 43°40′
Longitude (W) 88°53′ 84°51′ 85°50′ 86°09′
Basal area (m2 ha�1) 35.7 33.6 33.9 37.7

Sugar maple (% of basal area) 91 86 79 71

Mean annual precipitation* (mm) 879 874 913 824

Growing season precipitation* (mm) 401 388 393 379

Mean annual temperature† (°C) 4.9 6.2 7.0 7.7

Growing season temperature† (°C) 15.0 16.0 16.2 16.8

Growing season length‡ (days) 134 151 155 158

Overstory age (2009) 102 96 97 101

Wet + dry total N deposition (g N m�2 yr�1)§ 0.68 0.91 1.17 1.18

*Mean annual and growing season (May–September) precipitation, for the years 1994–2008, was recorded using weighing rain

gages (Model 5-780; Belfort Instrument Co., Baltimore, MD, USA) located in open areas within 5 km of each site.
†Mean annual and growing season (May–September) temperature, for the years 1994–2008, was recorded on site at 2 m using

thermistors, which were read every 30 min throughout the year, with averages recorded every 3 h using data loggers (EasyLogger

Models 824 and 925; Data Loggers, Inc., Logan, UT, USA).
‡Growing season length, for the years 1994–2008, was determined annually by project personnel, based on visual estimates of >50%
leaf expansion in the spring and <75% of foliage remaining in the fall.
§Data from MacDonald et al. (1992).
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diameter), samples consisted primarily of excised root mod-

ules, each containing an intact network of root segments

comprised primarily of first, second, and third order roots (see

Pregitzer et al., 1998 for an illustration of a typical root net-

work). The <0.5 mm roots at these sites have short median

lifespans of one to one and a half years (Hendrick & Pregitzer,

1992; Burton et al., 2000), and thus correspond well to the

ephemeral root modules described by Xia et al. (2010). During

excision, they were only damaged at the locations where the

intact root networks were detached.

For all root classes, a sample of approximately 2–5 g fresh

weight was placed in a respiration cuvette attached to an

IRGA (CIRAS-2 portable gas analyzer; PP Systems, Haverhill,

MA, USA). Respiration was measured at a CO2 concentration

of 1000 lL L�1, which approximates the concentration typi-

cally found near the soil surface in northern hardwood forests

(Burton & Pregitzer, 2003). The base of the aluminum root res-

piration cuvette was inserted in a water bath to maintain sam-

ples at a consistent temperature of 18 °C. This common

temperature was used to facilitate comparisons among sites,

and is typical of soil temperatures during the warmest part of

the growing season in most years. Field soil temperatures at

the sites on the actual measurement dates ranged from 14 °C
at Site A to 17 °C at Site D.

After respiration measurements, all samples were kept on

ice and then frozen until they could be returned to the labora-

tory for further analysis. In the laboratory, samples were

rinsed with deionized water to remove any soil or organic

matter not removed during field-cleaning, oven-dried (65 °C,
48 h) for determination of actual sample weight, and analyzed

for N concentration using an elemental analyzer (Carlo Erba

NA 1500 NC; CE Elantech, Lakewood, NJ, USA). All specific

respiration rates provided in this report are expressed on a

dry weight basis.

The adhering material rinsed from the roots was captured

on a screen, dried, and weighed. The mass of this material

was typically <2% of sample weight for <0.5 mm roots and

less than 0.5% of sample weight for larger roots. Microbial res-

piration in the adhering soil and organic debris would have

been measured as root respiration, but rates of microbial respi-

ration 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 a very minor

fraction of the reported values.

Live root biomass was determined with samples from three

random locations in each plot receiving ambient or experi-

mental N deposition, collected during August using the same

procedures and depths used to collect samples for root respi-

ration. These soil samples were frozen and taken to the lab,

where roots later were sorted from the cores by hand and

placed into one of five diameter classes: <0.5, 0.5–1, 1–2, 2–5,
and 5–10 mm. For this report, masses from the 2–5 and 5–

10 mm classes were combined into a common 2–10 mm class

that corresponded to the same diameter class used for

determining specific root respiration rate and root N concen-

tration. Root mass was determined after oven drying for 48 h

at 65 °C. The residual soil from one-third of the cores was

elutriated (Hydropneumatic Root Washer; Gillison’s Variety

Fabrication, Benzonia, MI, USA) to capture very fine roots that

were missed by hand-sorting (Smucker et al., 1982) and deter-

mine correction factors for adjusting the <0.5 mm masses from

hand-sorting to account for all roots within the class contained

in a core. The elutriated root slurry was placed in a clear plas-

tic tray with a grid pattern on the bottom. This was then

placed on a light table, and the total number of line intercepts

recorded. For a subset of these samples, all elutriated very fine

roots (<0.5 mm) were retrieved by hand from the line-inter-

cept tray, dried, and weighed. This allowed us to develop a

relationship between line-intercept count and very fine root

mass, which was used to convert all line-intercept counts to

masses. Across sites, an average of 40% of very fine root

biomass was not captured by hand-sorting.

The CO2 flux (g C m�2) from whole-root-system respiration

at 18 °C was determined by multiplying specific respiration

rates for each root class by the corresponding biomass for that

class. These were then summed to estimate whole-root-system

respiration by treatment and site.

Four-factor analysis of variance was used to assess the influ-

ences of N addition, study site, root diameter and soil depth

on specific root respiration rate, root N concentration, root bio-

mass, and the components of whole-root-system respiratory

flux. Relationships between root N concentration and specific

respiration rate at 18 °C for the ambient and chronic N deposi-

tion treatments were further examined through linear regres-

sion, with a separate relationship developed for each

treatment. We then assessed possible errors that could result

by assuming that the ambient root respiration-N concentration

relationship was valid for the chronic N deposition treatment.

To do this, we used the respiration-N regression relationships

from each treatment to estimate respiration for each combina-

tion of root size class and depth at each site. These values were

summed to derive predictions of root system respiration for

the chronic N deposition treatment, which were then com-

pared with the actual measured values.

Results

Root N and specific respiration rate were greater for

smaller diameter roots and roots at shallow depths

(Fig. 1a,b; Table 2). The decrease in both N and specific

respiration rate with depth was much less pronounced

for larger diameter roots, leading to significant depth

by size class interactions. There were also differences

among sites, with Site B tending to have higher root N

and respiration rates, especially for very fine surface

roots. Root nitrogen concentrations have increased sig-

nificantly in response to a decade and a half of the

chronic N deposition treatment, particularly for roots of

the larger size classes. This response occurred at all

sites, but was strongest at Sites A and C, leading to a

significant site by treatment interaction. Despite the

large increases in root N concentration with N deposi-

tion for many size classes and depths, root respiration

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02527.x
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rates did not change significantly (Fig. 1a,b; Table 2).

As a result, roots under chronic N deposition had lower

respiration rate per unit N (Fig. 2, P < 0.001 in analysis

of covariance).

Root biomass was greatest near the soil surface and

lowest for the 30–50 cm depth (Fig. 1c), an effect that

was driven primarily by a large decrease in very fine

(<0.5 mm) root mass from the surface to deeper soil

(Fig. 1c; significant depth 9 size class interaction in

Table 3). The abundance of the largest roots actually

increased with depth. Overall, 27% of root biomass was

in the <0.5 mm class, and 51% was in the 2–10 mm size

class. Root biomass was not affected by the chronic N

deposition treatment (Fig. 1c; Table 3) and differed

only marginally among sites.

Given the lack of chronic N deposition effects on both

specific root respiration and root biomass, it is not

surprising that their product, whole-root-system

respiration, also was not affected by this treatment

(Fig. 3; Table 3). In aggregate, all roots to a depth of

50 cm produced an average respiratory C flux of

3.2 lmol m�2 s�1 at 18 °C. Differences did exist among

root size classes and depths in their contributions to

whole-root-system respiration, with very fine surface

roots contributing a much greater proportion (53%) than

any other size class-soil depth combination. Very fine

roots, in general, were quite active, and across all depths

contributed 69% of the whole-root-system respiration,

despite comprising only 27% of total root biomass.

Discussion

Chronic N deposition effects

The significant increase in N concentration in response

to chronic N deposition found for all roots, except very

fine surface roots (<0.5 mm, 0–10 cm depth), differs

from results in the early years of the study, when exper-

imental N deposition affected neither root N concentra-

tion nor specific respiration rates for any size class or

depth (Pregitzer et al., 1998). As a result, the relation-

ship between root specific respiration rate and N con-

centration differs for the ambient and chronic N

deposition treatments. This finding, after long-term (15

+ years) N additions, is in contrast to our findings in

1996, the third year of treatment, when a common rela-

tionship existed across both treatments (Fig. 4). The

altered respiration-N relationship for larger diameter

and deeper roots in 2009 may indicate storage of excess

N in compounds including amino acids and proteins

(Bauer et al., 2004), or it could be the result of poten-

tially active protein or amino N that does result in

higher respiration due to substrate limitations or aden-

ylate control (Atkin & Tjoelker, 2003). For the coarse

roots, in particular, we believe increased N storage is

the most likely cause. The delay in this response of sev-

eral years following initiation of the N deposition treat-

ment may be due to the time needed for N additions to

saturate microbial and plant N demand, allowing for

accumulation and storage of excess N in tree roots to

occur. Large increases in soil solution NO�
3 and dis-

solved organic N concentrations at a depth of 75 cm at

the sites did not begin until after the 1996 growing sea-

son, indicating that the sites were not N-saturated prior

to that time. Since the year 2000, more than 70% N

added annually leaches from the study sites (Pregitzer

et al., 2004).
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Fig. 1 Specific root respiration rate (a), root N concentration (b),

and root biomass (c) by soil depth and root diameter (mm) for

the ambient and chronic N deposition treatments. Values are

the mean and standard error (n = 12) for three plots per treat-

ment from each of four northern hardwood study sites.
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The 2009 sampling is the first comprehensive set of

root respiration measurements that has shown an

altered respiration-N relationship for our study sites,

but it should be noted that the measurements between

1996 and 2009, which showed no effect of the chronic N

deposition treatment, were focused on surface fine

roots (Burton & Pregitzer, 2003; Burton et al., 2004).

This root class still did not show N deposition effects

for specific respiration or root N concentration in 2009

(Fig. 1a,b). Therefore, the time point at which excess N

began accruing in deeper, coarse roots cannot be deter-

mined precisely.

Our results are for a long-term response to relatively

moderate chronic N inputs (3 g N m�2 yr�1). In some

cases, similar findings have been reported for shorter-

term N additions at higher rates. For example, Jia et al.

(2010) found that specific respiration and N concentra-

tion both increased for surface roots (0–10 cm depth,

<2 mm diameter, most <0.5 mm) in larch [Larix gmelinii

Rupr.(Rupr.)] and ash (Fraxinus mandshurica Rupr.)

plantations that had received 10 g N m�2 yr�1 for

4 years. For the larch, the increase in respiration was

less than the increase in root N, leading to a 13% reduc-

tion in the respiration : N concentration ratio. Unlike

our study, they also found significant decreases in fine

root biomass, and these were great enough that the

CO2 flux from fine root respiration was lower with N

addition than for the control for both species.

Reductions in root biomass often have been reported

for N addition studies in forests, especially those using

higher rates of N inputs, in the range of 5–
15 g N m�2 yr�1 (Haynes & Gower, 1995; Magill et al.,

2004; Jia et al., 2010). Our contrasting finding of no

change in root biomass with chronic N deposition has

remained consistent for five samplings since 1994 (see

Burton et al., 2004). However, in agreement with the

effect others have observed for increased N availability,

the biomass of the entire belowground root-mycorrhi-

zal absorbing network has declined at our sites, with

the reduction in our case occurring in mycorrhizal

Table 2 Analysis of variance for the effects of chronic N deposition (3 g N m�2 yr�1) on specific root respiration rate

(nmol g�1 s�1) and root N concentration (g kg�1) for four northern hardwood study sites in Michigan

Source df

Root respiration Root N concentration

Mean-square F-ratio P Mean-square F-ratio P

Treatment 1 1.98 1.74 0.189 2.83 88.90 <0.001

Site 3 13.76 12.04 <0.001 0.50 15.66 <0.001

Depth 2 81.35 71.19 <0.001 1.67 52.59 <0.001

Size class 3 186.04 162.80 <0.001 4.82 151.59 <0.001

Treatment 9 site 3 0.53 0.46 0.710 0.12 3.81 0.011

Treatment 9 depth 2 0.00 0.00 0.998 0.03 0.98 0.376

Treatment 9 size class 3 1.17 1.03 0.382 0.02 0.58 0.627

Site 9 depth 6 2.08 1.82 0.097 0.01 0.44 0.853

Site 9 size class 9 6.78 5.94 <0.001 0.04 1.33 0.223

Depth 9 size class 6 24.03 21.03 <0.001 0.35 10.93 <0.001

Treatment 9 site 9 depth 6 1.74 1.52 0.173 0.03 0.80 0.572

Treatment 9 site 9 size class 9 0.77 0.67 0.735 0.06 1.76 0.079

Treatment 9 depth 9 size class 6 0.13 0.12 0.994 0.02 0.74 0.617

Site 9 depth 9 size class 18 1.06 0.93 0.549 0.02 0.52 0.949

Treatment 9 site 9 depth 9 size class 18 0.83 0.72 0.784 0.02 0.75 0.758

Error 192 1.14 0.03

P values < 0.05 are highlighted in bold type.

Resp = 0.59 N - 3.00
r2 = 0.975

Resp = 0.72 N - 5.33
r2 = 0.97
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Fig. 2 Relationship between root N concentration and specific

root respiration rate at 18 °C for the ambient and chronic N

deposition treatments in 2009. Data points represent the aver-

age value (n = 12) of three plots per treatment at four north-

ern hardwood study sites for each of the 12 combinations of

root diameter class and soil depth illustrated in Fig. 1. Rela-

tionships between root N and specific respiration rate differed

significantly for the control and chronic N addition treat-

ments.
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hyphae (van Diepen et al., 2007; van Diepen et al., 2010)

rather than fine root biomass.

Very fine roots in surface soil contributed 53% of

whole-root-system respiration for both treatments

(Fig. 3), despite having only 16% of root biomass

(Fig. 1c), illustrating the importance of this root class in

forest C allocation and cycling. The remainder of eco-

system root respiration came from the larger diameter

and deeper roots for which the respiration-N relation-

ship was altered by our chronic N deposition treatment

(Fig. 2). This could lead to significant errors in calcu-

lated root system respiration, if the respiration-N rela-

tionship for our ambient treatment was assumed to be

valid for the chronic N deposition treatment. Across

the four study sites, whole-root-system respiration at

18 °C predicted for the N deposition treatment using

the ambient respiration-N relationship is 41% greater

than that predicted using the relationship for the N

deposition treatment and 50% greater than the actual

measured value (Table 4). Both relationships accurately

predicted the respiratory flux from surface very fine

roots, but large over-predictions, as great as 291%,

occurred for other root classes, especially the largest

diameter roots (Table 4). Bauer et al. (2004) found a
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Fig. 3 Components of whole-root system respiration by soil

depth and root diameter (mm) for the ambient and chronic N
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hardwood study sites.
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Fig. 4 Relationship between root N concentration and specific

root respiration rate at 24 °C for the ambient and chronic N

deposition treatments in 1996. Data points represent the average

value (n = 6) of three plots per treatment at two study sites

(sites A and B) for each of the 12 combinations of root diameter

class and soil depth. Relationships between root N and specific

respiration in 1996 did not differ for the control and chronic N

addition treatments. Data are from Pregitzer et al. (1998).

Table 3 Analysis of variance for the effects of chronic N deposition (3 g N m�2 yr�1) on root biomass (g m�2) and the compo-

nents of whole-root-system respiration (lmol m�2 s�1) for four northern hardwood study sites in Michigan

Source df

Root biomass Whole-root-system respiration

Mean-square F-ratio P Mean-square F-ratio P

Treatment 1 9732 0.91 0.342 0.06 2.02 0.157

Site 3 25775 2.41 0.069 0.32 10.30 <0.001

Depth 2 95627 8.93 <0.001 4.95 161.55 <0.001

Size class 3 632696 59.08 <0.001 7.22 235.66 <0.001

Treatment 9 site 3 5728 0.54 0.659 0.06 1.79 0.150

Treatment 9 depth 2 8543 0.80 0.452 0.02 0.52 0.597

Treatment 9 size class 3 7546 0.71 0.550 0.01 0.47 0.702

Site 9 depth 6 15862 1.48 0.186 0.18 5.91 <0.001

Site 9 size class 9 29860 2.79 0.004 0.38 12.47 <0.001

Depth 9 size class 6 123448 11.53 <0.001 3.93 128.11 <0.001

Treatment 9 site 9 depth 6 9548 0.89 0.502 0.07 2.36 0.032

Treatment 9 site 9 size class 9 10060 0.94 0.492 0.02 0.67 0.733

Treatment 9 depth 9 size class 6 8083 0.76 0.606 0.01 0.28 0.948

Site 9 depth 9 size class 18 6989 0.65 0.854 0.15 4.88 <0.001

Treatment 9 site 9 depth 9 size class 18 5629 0.53 0.944 0.04 1.39 0.140

Error 192 10709 0.03

P values < 0.05 are highlighted in bold type.

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02527.x
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similar decoupling for tissue N concentration and pho-

tosynthetic rate in red pine that had received

15 g N m�2 yr�1 for 15 years. In their experiment,

using the control plot tissue N relationships to model C

cycling for the high N plots led to large errors, such as

predictions of a 25–50% increase in wood production in

response to the excessive N additions, instead of the

actual measured decline.

Differences among sites for specific root respiration

rates and N concentration (Table 2) include a trend for

higher root N concentration and specific respiration

rates at Site C and especially Site B (data not shown).

These inherent site differences are in agreement with

previous findings for surface very fine roots at these

sites (Burton et al., 1998; Burton et al., 2004) and co-

occur with higher leaf litter N for the ambient treatment

(Pregitzer et al., 1992) and inherent soil N mineraliza-

tion potential, as discussed in Zogg et al. (1996). Despite

these pre-existing inherent differences among individ-

ual sites, our consistent finding at all sites of higher N

concentrations in larger diameter and deeper roots for

the chronic N deposition treatment suggests that suffi-

cient atmospheric N inputs have the potential to alter

the respiration-tissue N relationship throughout the

region for this common forest type.

Root diameter and depth effects

The significant declines in root respiration rate with

increasing root diameter and depth at all four sites are

in full agreement with our earlier work at Sites A and B

(Pregitzer et al., 1998). Similar effects of soil depth on

root N concentration have been documented for subal-

pine fir forests (Abies mariesii Masters and Abies veitchii

Lindl.; Ugawa et al., 2010). Lower respiration and N

concentration for larger diameter roots also agrees with

findings of others for roots from 2 to 45 mm for aspen

(Populus tremuloides Michx.; Desrochers et al., 2002) and

Eucalyptus (Marsden et al., 2008), and with increases in

respiration with decreasing diameter within the <2 mm

class reported for F. mandshurica (Xia et al., 2010). The

differences with depth and size class are probably asso-

ciated with differences in root function, with higher N

concentration and specific respiration rates occurring in

surface very fine roots, which are actively involved in

nutrient uptake and assimilation. Deeper fine roots at

these sites are in locations with much lower overall

availability of nutrients and may be primarily associ-

ated with uptake of different resources than surface fine

roots (e.g. Ca2+ at depth vs. N forms near the surface,

da Silva et al., 2011). Coarser roots with secondary

development are known to not be involved in active

uptake (Guo et al., 2008), but rather serve primarily as

conduits for transport of water and nutrients (Wells &

Eissenstat, 2003) and for anchorage and storage. As a

result, lower N concentrations and respiratory activity

are expected for these roots, which do not have the pri-

mary function of active nutrient acquisition.

Classifications using sufficiently fine divisions of root

diameter, or using root order, have often been used in

Table 4 Comparison of measured and estimated components of whole-root-system respiration (lmol m�2 s�1) at 18 °C for the

ambient and chronic N deposition treatments. Estimates were made using the respiration-N relationships for the ambient and

chronic N deposition treatments depicted in Fig. 2. The percent error using the ambient relationship to predict respiration for the

chronic N deposition treatment is relative to the actual measured values for chronic N deposition

Depth

(cm)

Size class

(mm)

Root system respiration (lmol m�2 s�1)

Error (%) using

ambient

relationship

Measured

values

Estimated

from chronic

N relationship

Estimated

from ambient

relationship

0–10 <0.5 1.720 1.659 1.699 �1

0–10 0.5–1 0.135 0.147 0.197 46

0–10 1–2 0.089 0.078 0.148 67

0–10 2–10 0.226 0.282 0.548 142

10–30 <0.5 0.428 0.437 0.504 18

10–30 0.5–1 0.066 0.056 0.118 79

10–30 1–2 0.079 0.082 0.177 122

10–30 2–10 0.305 0.487 0.924 203

30–50 <0.5 0.147 0.166 0.205 39

30–50 0.5–1 0.027 0.023 0.056 106

30–50 1–2 0.042 0.021 0.089 110

30–50 2–10 0.099 0.129 0.385 291

Total All 3.362 3.568 5.048 50

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02527.x
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attempts to relate measured root physiological

responses to function. However, such classifications do

not fully account for the variation in root activity and

function occurring throughout the entire soil profile, as

roots of similar diameter or branch order at different

depths can differ greatly in biochemical and physio-

logical characteristics. This is illustrated by the large

differences with depth among <0.5 mm roots in N

concentration and respiration rate (Fig. 1a,b), and simi-

lar, but less pronounced trends with depth for larger

diameter roots. For the <0.5 mm roots at these sites, dif-

ferences with depth in demography have also been

observed that appear to be related to root function.

Deeper very fine roots had slightly shorter median life-

spans, and evidence suggested that occasional occur-

rences of mid-summer deep root production were

related to periods of severe soil water deficit (Hendrick

& Pregitzer, 1996).

For coarse roots, some have found diameter to be an

equal or better predictor of respiration than N concen-

tration (Marsden et al., 2008; Chen et al., 2010), but

when depth is also considered, as in this study, it is

apparent that respiration rates are not constant for a

given coarse root diameter (Fig. 1a; significant depth

effects and depth 9 size class interaction in Table 2).

Clearly, root depth also must be considered when

attempting to sample roots for assessment of their

physiological activity or function.

Modeling implications

Strong relationships between plant tissue N and respi-

ration have led some to suggest that tissue N content

could be used to model respiration (Tjoelker et al.,

2005), but our results indicate that linear relationships

between root respiration and N concentration can shift

if soil N availability is greatly increased, as was the case

for the chronic N deposition treatment in this experi-

ment. In our study, the relationship changed enough

that using the pre-existing relationship for the ambient

treatment would have resulted in an overestimate of

the CO2 efflux from whole-root-system respiration of

50%. If such an estimate were included in a model of

ecosystem C cycling, the amount of C available for allo-

cation to other uses would have been reduced by an

equivalent amount, potentially leading to significant

underestimates of factors such as biomass production

and overestimates of the flux of CO2 from soil to the

atmosphere. Although there are many instances for

which tissue N is a good predictor of respiration rate,

our results are in agreement with those who have cau-

tioned against its use in modeling due to variation in

relationships among species and tissues (Gifford, 2003).

It has been suggested that a conservative respiration to

photosynthesis ratio (Gifford, 2003) or a variable, but

constrained, range of this ratio (Cannell & Thornley,

2000) might work best for modeling respiration at the

whole plant or ecosystem level in a global change con-

text. We believe that attempts to model root system res-

piration for significantly altered conditions should heed

such constraints.
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