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Root respiration is a major contributor to terrestrial carbon flux. Many studies have shown root respiration to increase with an
increase in root tissue nitrogen (N) concentration across species and study sites. Studies have also shown that both root respira-
tion and root N concentration typically decrease with root age. The effects of added N may directly increase respiration of exist-
ing roots or may affect respiration by shifting the age structure of a root population by stimulating growth. To the best of our
knowledge, no study has ever examined the effect of added N as a function of root age on root respiration. In this study, root
respiration of 13-year-old Populus tremuloides Michx. trees grown in the field and 1-year-old P tremuloides seedlings grown in
containers was analyzed for the relative influence of root age and root N concentration independent of root age on root respira-
tion. Field roots were first tracked using root windows and then sampled at known age. Nitrogen was either applied or not to
small patches beneath the windows. In a pot experiment, each plant was grown with its root system split between two separate
pots and N was applied at three different levels, either at the same or at different rates between pots. Root N concentration
ranged between 1.4 and 1.7% in the field experiment and 1.8 and 2.6% in the seedling experiment. We found that addition of
N increased root N concentration of only older roots in the field but of roots of all ages in the potted seedlings. In both experi-
ments, the age-dependent decline in root respiration was largely consistent, and could be explained by a negative power func-
tion. Respiration decreased ~50% by 3 weeks of age. Although root age was the dominant factor affecting respiration in both
experiments, in the field experiment, root N also contributed to root respiration independent of root age. These results add
further insight into respiratory responses of roots to N addition and mechanisms underlying the tissue N-respiration relationship.
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Introduction ‘ , . .
commonly observed in young plantations, where increasing N

Soil respiration accounts for the majority of ecosystem respiration
in temperate forests (Valentini et al. 2000, Law et al. 2002). Root
respiration and heterotrophic soil respiration contribute approxi-
mately equally to soil CO, efflux (Hanson et al. 2000, Hogberg
etal. 2001, Fahey et al. 2005, Ceccon et al. 201 1). Higher nitro-
gen (N) deposition (Vitousek 1994, Sala et al. 2000) and higher
soil-temperature-driven rates of soil organic matter mineralization
(Melillo et al. 2002) may lead to higher N availability in soil. How-
ever, the results of N availability on soil respiration have been
mixed. Increases in soil respiration following N addition are

availability enhances photosynthesis and carbon allocation to
belowground organs (Janssens et al. 2010). In contrast, long-term
studies conducted in mature stands indicate an overall reduction in
CO, efflux with an increase of soil N availability (Burton et al.
2004, Janssens et al. 2010). These contrasting responses may be
the result of a differential response of soil microbial respiration
(heterotrophic) and root respiration to increasing soil N availability.

To better predict the influence of N addition on root respira-
tion, a deeper understanding of the physiological responses of
roots to increased N supply is needed. Increased N availability
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may increase tissue N, resulting in more actively growing meri-
stems and more active synthesis and maintenance of storage and
enzymatic proteins that stimulate respiration (Bloom etal. 1992,
Bouma et al. 1996, Reich et al. 1998, 2008, Oren et al. 2001,
Throop et al. 2004). Indeed, the strong influence of N supply on
root respiration has led some researchers to partition the respira-
tion of nongrowing roots into a maintenance and ion-uptake com-
ponent (Veen 1980, Bouma et al. 1996). The tissue N-respiration
relationship, however, may be potentially uncoupled under condi-
tions of N saturation, where at least the woody roots of trees at
high N supply have similar respiration but higher N concentra-
tions than those under ambient supply (Burton et al. 2012).

We hypothesize that the influence of increased soil N avail-
ability on root respiration will depend on whether the whole root
system or only a small portion of the root system is exposed. An
increase of N to the whole plant typically reduces belowground
biomass partitioning (Reich 2002), while localized N addition
often stimulates root growth in the fertile patch (Hodge 2004).
In addition, root proliferation responses are often influenced by
the nutrient status of the plant, with plants being more respon-
sive to a fertile patch if they are more nutrient deficient (Friend
et al. 1990). Similar to root growth, responses of root respira-
tion may be influenced both by the nutrient status of the plant
and the spatial pattern of N addition.

When interpreting the relations of root respiration with root N
concentration, variation in the fine root system should also be
considered (McCormack et al. 2015). First-order roots (i.e., the
most distal roots or root tips) have greater tissue N concentra-
tions and faster respiration rates than higher order roots (Burton
etal. 2012, Jia et al. 2013). Among the first-order fibrous roots,
respiration and N concentration both can decline steeply with
root age (Volder et al. 2005, 2009). Because localized N addi-
tion can stimulate root initiation and growth, roots of a younger
age may be the direct cause of N-stimulated respiration, rather
than a change in N concentration of the root tissues.

In this study, we used both 13-year-old trees growing in the
field and 1-year-old potted seedlings of Populus tremuloides
Michx. to examine the influence of exogenous N supply on the
relationship between root tissue N and root respiration. Spe-
cifically, we tested (i) the relative role of root age and root N
concentration as determinants of root respiration and (ii)
whether a localized increase in N availability increases the
respiration per unit root N concentration more than a whole
root system increase in N supply. Collectively, this research
was intended to help unravel the complex patterns of root
respiratory responses to N addition.

Materials and methods

Field experiment

The effect of localized N availability on fine root respiration was
studied in a common garden at the Russell E. Larson Experimental

Root respiration as affected by age and nitrogen 619

Station (PA, USA; 40°40’N, 78°02’W; 350 m above sea level)
from June to September 2009. The garden contained 16 tree
species in a completely randomized design with 8 blocks
(McCormack et al. 2012, Adams et al. 2013). Soils were rela-
tively fertile Hagerstown silt loam, well-drained, with a pH rang-
ing from 6.1 to 6.5. Background soil
(ammonium + nitrate) in naturally occurring high N patches
(highest 10% of samples) was ~0.81 mM N (Adams et al.
2013). Each species was planted in groups of six trees in a
double row of three trees each with a spacing of 3 m between
trees within the row, 3 m between the double rows and 5 m
spacing between the six tree plots. Populus tremuloides was cho-
sen for this study because of its rapid growth and high root
density. Trees were planted in 1996 and were 13 years old at
the time of this study. On average, trees had a diameter at breast
height of 20.5cm (4.7 cm, SD). Eight root boxes, one per
block, were installed between two adjacent poplar trees, 90 cm
from each trunk in the spring of 2009 (Comas et al. 2000,
Zadworny and Eissenstat 2011, Adams and Eissenstat 2014).
Each box had two windows on two opposite sides that allowed
root samplings during the experiment. Windows were made of a
thin transparent acetate film, which allowed for observing and
tracking root growth and root age prior to collection. When not
in use, the windows were kept covered with foam insulation pan-
els (3 cm thick) to avoid light penetration and to minimize tem-
perature fluctuations. In addition, the boxes were covered and
kept closed by a wood panel. From the end of June until mid-
September, new and existing roots were traced every week on
the acetate using paint pens of different colors (Marvy Deco-
Color pens, Uchida of America Corp., Torrance, CA, USA) on
different tracing dates, in order to keep track of root age. On 27
July and 16 September 2009, fine first- and second-order roots
were sampled, by cutting the acetate film with a small pair of
scissors. A total of 51 and 113 samples were collected on the
first and second date, respectively.

From June on, ammonium nitrate (NH,NO) was applied with
a 2-week interval in a small soil area (0.12 m?, 60 x 20 cm,
later referred to as N+) behind one window of each root box,
distributing 101 of a 2.15mM NH,NO; solution (1.72 g
NH,NO; dissolved in 10 | water), which represents ~2.7-fold
higher available N than naturally occurring high-N patches (see
above). The other window acted as control (later referred to as
N-) and received 10| water. The N treatment was applied six
times over a 12-week period.

On the first harvest date, after the N treatments had been
applied three times, we sampled and measured respiration on
combined first- and second-order roots of five age classes such
as <2, 3-9, 10-16, 17-23 and 24-33 days using similar meth-
ods to those reported previously in grape (Comas et al. 2000).
For simplicity of illustration, the age of roots for each age class is
plotted using the midpoint of each class in the figures. On the
second date, after N treatments had been applied six times, root

solution N
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respiration rate was measured on combined first- and second-
order roots belonging to 12 age classes: 1-7, 8-14, 15-22,
23-29, 30-36, 37-42, 43-48, 49-50, 51-57, 58-64, 65-71
and 72-81 days. Each time, fine roots of the same age class,
grown on the same window, were pooled together. The number
of sampled roots in each age class ranged from 1 to 5. On aver-
age, samples were 3.4 mg (£3.1 mg) dry weight (n=324).
Once collected, they were immediately immersed in a buffer solu-
tion (1 mM CaSO, + 5 mM MES buffer, pH 5.5 using KOH) and
transported to the laboratory, where respiration was determined
within 2 h from collection by oxygen (O,) consumption
(nmol O, g dry weight™' s7') at 20 °C, using a Clark-type O,
electrode (Hansatech Oxygraph, King’s Lynn, UK). Roots were
then oven dried at 65 °C and their dry weight determined. Root
N concentration was then determined with an elemental analyzer
(Flash-EA 2000, Thermo Fisher Scientific, Waltham, MA, USA).

Greenhouse experiment

To assess how different levels of N, supplied either in a uniform
or localized spatial pattern, affected fine root respiration, 1-year-
old poplar seedlings (P, tremuloides) were grown in containers in
a greenhouse from July until mid-October in Pennsylvania State
University (University Park, PA, USA). Temperatures were con-
trolled with evaporative cooling to not exceed 27 °C. No artificial
lighting was used. Sixty-five plants were first grown for 1 month
in small pots (1 | volume), then 25 uniform plants were selected

and transplanted to larger containers (5.5 I) where the root sys-
tem was split between two containers (Figure 1). In total, each
plant had 11 | of substrate for root growth. The substrate used
for the experiment was one-third (by volume) sieved soil (col-
lected at the common garden, where the field experiment was
conducted) and two-thirds fine sand. The plastic 5.5 | pots had
a window covered by an acetate sheet, to allow tracking of fine
root growth every 2 weeks. When roots were not tracked, win-
dows were covered to prevent light penetration.

Three different levels of N, to cover a broad range of N-avail-
ability situations, were applied to the soil at weekly intervals at
rates of 21, 63 or 210 mg N I, later referred to as N1, N3 and
N10, respectively. These concentrations of N represent levels
that we expected to represent mildly deficient to saturating con-
ditions (i.e., 10-100% of standard Hoagland's N). Nitrogen was
applied as NH,NO; dissolved in a solution containing all other
macro- and micronutrients. Nitrogen was applied weekly either
in a homogeneous way (both pots of each plant received the
same N treatment) or in a heterogeneous way (different N levels
were distributed between the two adjacent pots of each plant).
In total, the experiment encompassed five treatments, three
homogeneous (N1, N3 and N10) and two heterogeneous
(N1|N3 and N1|N10), each replicated five times. Each time a
plant received fertilization, enough solution was distributed to
completely saturate the soil. During the remaining part of the
week, plants received only water through drip irrigation.

Leaf-N% 1.91 (b) 2.55 (ab) 2.65 (a) 2.29 (ab) 2.50 (ab)
S P Y Y D ]
e e @ " @
S S D D S\
Stem-N% / 0.85 (b) /1\.22(ab) 1.66 (a) /0\.72(b) / 1.47 (ab)
1)1 3| 3 1] 3 1
Root-N% 1.85 211 2.63 1.88 2.10 204 254

Homogeneous N treatment

<

> < Heterogeneous N treatment >

Figure 1. Nitrogen concentration (% DW) in leaves, stems and roots as affected by N supply in the greenhouse experiment (the numbers 1, 3 and 10
refer to the three different levels of N supply). For leaf or stem N concentrations, different letters (in brackets) indicate significantly different values
according to Tukey’s test (P =0.05). Nutrient addition significantly affected root N concentration among the 1, 3 and 10 homogeneous treatments

(P < 0.05) and in the heterogeneous treatments, 1 vs 10 (P < 0.05).
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Fine root sampling was performed on 14 October 2009 by
collecting first- and second-order fine roots of the same age
from each pot. Roots were pooled into eight root age classes:
<4,5-12,13-19, 20-25, 26-56, 57-72, 73-89 and 90-100
days after first appearance on the window. Respiration of 161
samples was determined using the same methodology as in the
field experiment. After root respiration was determined, root dry
weight and N concentration were determined as previously
described. After roots of known age were harvested from the
windows, plants were destructively harvested and divided into
shoots (including leaves) and roots, and each organ was oven
dried and weighed and analyzed for N by elemental analysis
(see above).

Statistical analyses

The effects of N supply on total N concentration and biomass of
plant organs and on fine root respiration were assessed by one-
way analysis of variance (Statgraphics Centurion XV, Warrenton,
VA, USA) according to a randomized block design or a com-
pletely randomized design for field and greenhouse experi-
ments, respectively. Mean separation was performed according
to Tukey's test at P = 0.05.

To find the best equations relating root N concentration or
root respiration rate (as dependent variables) with root age (as
the independent variable), separate data from the field and the
greenhouse experiments (both variables or just the dependent
variable) showed a linear relationship when plotted on a log
scale, suggesting possibly a power function (y =a X x?) or an
exponential function (y = a x e®). For the root respiration vs root
age data, a power function fit the data best (as determined by
R?). For root N concentration vs root age for both field and
greenhouse data, an exponential function fit the data best. To
test whether N supply had an effect on the relationships between
root N concentration with root age, or between root respiration
data with root age, the 95% confidence intervals of the coeffi-
cients ‘a’ and ‘b’ of the power or exponential equations run for
each experiment and each N supply level were analyzed (see
Table S1 available as Supplementary Data at Tree Physiology
Online). The analyses were carried out using the function nls
of the stats package of the R language version 3.2.1
(R Development Core Team 2015). For each age class, the mid-
point of each age range was calculated and used in the regres-
sion analysis.

Unlike the relationship of respiration or root N concentration
with root age, the relationship of root respiration with root N
concentration approximated a linear relationship; thus, a simple
linear regression analysis was applied for each level of N supply,
separately for field and greenhouse experiments. The 95% con-
fidence intervals of slope and intercept values of linear regres-
sions were first compared across different levels of N supply and
type of experiment (field vs greenhouse) (data not shown),
then, the entire dataset was used to assess the relationship
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between root N concentration and root respiration by simple
linear regression analysis.

In order to test the relative role of root age and root N concen-
tration as determinants of root respiration, linear models with
root respiration (first linearized with log transformation) as the
response variable, and root age (log transformed) and root N
concentration as the continuous predictor variables, were built
separately for field (second harvest) and greenhouse experi-
ments and for the entire dataset. We then built multiple linear
regression models including root age and root N concentration
as well as their interaction. The procedure used, starting from
the full model (two variables and their interaction), identifies the
minimum adequate model by backward deletion procedure (dis-
carding variables with a P> 0.05). For all simple and multiple
regression analyses, we used the ‘Im’ function from the R statis-
tical computing environment (R Development Core Team 2015).
The relative importance of the significant terms was obtained
applying the function ‘calc.relimp’ of the R package ‘relaimpo’
(Groemping 2006) using the default options.

Results

Effects of N supply and age on tissue N concentration

In the field experiment, where only a small portion of the root
system was exposed to increased N supply, root N concentration
was similar in the N— and N+ plots in the first sampling, but
higher in the N+ treatment by the second sampling (Table 1). In
the greenhouse experiment, when N was homogeneously sup-
plied to the entire root system in the two adjacent pots, root N
concentration progressively increased with an increase in N sup-
plied in the fertilizing solution (Figure 1). Leaf and stem N con-
centrations were also affected by the level of N supply
(Figure 1). When N was supplied at different levels to the two
adjacent pots so that only a portion of the root system was
exposed to elevated N supply (heterogeneous supply), the N
concentration of roots exposed to the lowest N level (N1) was
significantly (P < 0.05) lower than that of the highest N treat-
ment (N10). However, the N1 treatment under heterogeneous
supply was not significantly different from the N1 uniform.

In both the greenhouse and field experiments, the N concen-
tration decreased with root age following a trend that was best
explained by a negative exponential function (Figure 2). In the
field experiment, the influence of N supply on root N concentra-
tion was affected by root age, as indicated by a significant influ-
ence of N supply on the ‘b’ parameters of the exponential
equations (Figure 2a; see Table S1 available as Supplementary
Data at Tree Physiology Online). The ‘a’ parameter, which
indicates an overall effect of N supply on root N concentration
independent of root age (i.e., the Y-intercept of a log plot), was
not significantly affected by N supply. In the field experiment, the
youngest fine roots (<3 weeks old) had similar N concentration
regardless of N supply, but N concentration of older roots was
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Table 1. Effects of the N supply on respiration and N concentration of first- and second-order roots of 13-year-old P, tremuloides in the field experiment

(SE, standard error; n.s., not significant; ***P < 0.001).

Treatment First sampling date Second sampling date
N-— N+ P N- N+ P
Root age (days)
Mean 15 17 45 46
Root N concentration (%)
Mean 1.66 1.71 n.s. 1.37 1.64 Rk
SE 0.06 0.07 0.04 0.03
Respiration per unit biomass (nmol O, g=' DW s7)
Mean 11.20 9.13 n.s. 5.70 592 n.s.
SE 1.08 1.10 0.50 0.48
Respiration per unit N (nmol O, g~" N's7)
Mean 683.5 533.0 n.s. 410.2 351.3 n.s.
SE 65.5 66.8 34.3 32.8
(@)s - increased by N supply, so that roots that were >10 weeks old in
284 0 N ye230% o001 N g2o the N fertilized treatment had ~40% higher N concentration
y=239%¢ (R*=0.72)
26 4 ® N+ y=240%el"00090) (R2= 64y than unfertilized roots (Figure 2a).

100

(b) 3.6 O N1 y=204%el"0002"0) (B2 = g 12)
34 1 N3y =259 e(-0:004"X) (R2 = 0 50)
N10 y = 3.07 * ¢{-0003"%) (R2 = 0 40)

a >

0 20 40 60 80 100
Root age (days)

Figure 2. Relationships between N concentration and root age in
P tremuloides as affected by the N supply level. (a) Roots from the
second sampling in the field experiment. (b) The greenhouse experi-
ment when N was homogeneously supplied between the two adjacent
pots. Bars represent 1 standard errors. Points on the X-axis represent
the middle age of each age class. Statistical results of the effects of
N supply on the relationships between root N concentration and root
age are reported in Table S1 available as Supplementary Data at Tree
Physiology Online.

In the greenhouse experiment, the ‘a’ parameter of the expo-
nential equations relating the influence of root age on root N
concentration was significantly different among N1, N3 and N10
treatments, while the ‘b’ parameter did not differ among the N
fertilization levels (Figure 2b; see Table S1 available as Supple-
mentary Data at Tree Physiology Online). In general, roots of
similar age had higher N concentration in the N10 pot than
those in either of the two lower N pots (Figure 2b). In contrast
to the field experiment where N fertilization only affected older
roots, in the greenhouse experiment, increasing rates of N
supply increased the N concentration of roots of all ages
(Figure 2b).

Effect of N supply and age on root respiration

In the greenhouse experiment, there was no evidence to support
our hypothesis that localized N supply stimulated respiration per
unit N or per unit dry weight more than uniformly supplied N
(Table 2). Indeed, roots exposed to the lowest N level (N1)
tended to have the fastest respiration per unit N regardless of
the spatial pattern of nutrient supply (P = 0.06; Table 2). More-
over, root growth also was not stimulated by localized N supply
nor was whole plant or shoot biomass stimulated by increased N
supply (Table 2).

Fine root respiration per unit dry mass (nmol O, g=' DW s71)
was also not significantly affected by level of N supply in either
the field (Table 1) or greenhouse (Table 2) experiments.
Although N supply did not affect root respiration in the green-
house experiment, we found a positive linear relationship of
root respiration with root N concentration for each level of N
supply. A similar relationship was observed in field roots.
Consistent with the analyses in Tables 1 and 2, there were no
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Table 2. Effects of the homogeneous or heterogeneous N supply on shoot and root biomass and respiration of fine roots of P, tremuloides measured in the greenhouse experiment (n.s., not sig-

nificant; P > 0.05). See Figure 1 for a graphical explanation of treatment application.

Heterogeneous N supply

Homogeneous N supply

Treatment

P

N10 (N1)

N1 (N10)

P

N3 (N1)

N1 (N3)

N3 N10

N1

Shoot DW (g plant™)

n.s.

10.02
5.34

16.49
3.67

n.s.

14.09
7.68

14.93
5.48

8.78
4.94

Mean

SE
Root DW (g plant™")

n.s.

6.77
4.42

6.58 n.s. 4.51
2.24

3.81

5.74
3.22

n.s.

12.58 14.30

13.33

Mean

SE
Fine root age (days)

3.54 6.04

7.65

48

50

60

59

53 54

63

Mean
Respiration per unit biomass (nmol O, g=' DW s)

n.s.

7.42
1.18

7.30

1.13

n.s.

6.52
1.02

5.45
1.08

n.s.

6.72
0.75

6.83
0.77

6.70
0.78

Mean

SE
Respiration per unit N (nmol O, g=' N s77)

n.s. (0.06)

293.7
52.7

298.0 316.5 n.s. 347.2
52.0 48.8 50.7

n.s. (0.06)

244.3
32.0

308.0
32.5

354.8
33.2

Mean
SE
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significant differences among N treatments or between green-
house and field experiments in either slopes or intercepts
obtained in the linear equations used to fit the data to each
level of N supply (see Table S1 available as Supplementary
Data at Tree Physiology Online). Therefore, we pooled the data
from both experiments and all N supply levels to illustrate
the relationship of root respiration with root N concentration
(Figure 3).

The relationship of root respiration with root age was best
explained in both experiments by a negative power equation
(Figure 4). The relationship was unaffected by N supply, and
similarly, the ‘a’ and ‘b’ parameters were not significantly differ-
ent between field and greenhouse data (see Table S1 available
as Supplementary Data at Tree Physiology Online). Conse-
quently, we pooled data for both experiments and all N supply
levels to illustrate the overall relationship of root respiration with
root age (Figure 4).

Relative influence of root N concentration and root age
on root respiration

When the relative influence of root N concentration and root
age on root respiration was examined, we found different pat-
terns depending on whether the experiment was conducted in
the greenhouse or in the field. In the greenhouse study, root
age was the only predictor of respiration, whereas in the field
experiment, both root age and root N concentration were
important predictors of root respiration (Table 3). When the
field and greenhouse data were combined, root age was the
dominant predictor of root respiration (Table 3), although both
factors together explained only 43% of the variation in the
data.

o Field

O Greenhouse
y=329% x -1.05
° (R*=0.11)

Root respiration (nmol 0, g™ s™)

0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5
Root N%

Figure 3. Relationship of fine root respiration with root N concentration.
Data from the two experiments are pooled together. Statistical analysis of
the effects of N supply or experimental setting (field vs greenhouse) on
the relationships of root respiration with root N concentration are reported
in Table S1 available as Supplementary Data at Tree Physiology Online.
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Discussion

Remarkably, Populus root respiration exhibited a similar decline
with root age that was largely independent of whether the first-
and second-order roots were collected from trees in the field or
seedlings in the greenhouse or of whether the roots were
exposed to low or high N supply levels (Figure 4). The best fit
model of all the data (n=324) explained 43% of the total
variability, but root age had a higher predictive power (85%)
than root N concentration (15%) (Table 3). At least for roots
that were <3 weeks old, age has a strong and consistent effect
on respiration over a wide range of environmental conditions.
Similar declines with root age have been observed previously
in apple, citrus (Bouma et al. 2001) and grape (Comas et al.
2000, Volder et al. 2005, 2009), but, to our knowledge, no
one previously had examined whether N supply, either uni-
formly or locally distributed, would affect this relationship in
plants that were not strongly N deficient.

Root respiration is strongly affected by root age. In both
experiments in our study, root respiration at 20 °C ranged
from 1 to 33 nmol O, g=' DW s7', with an average of 7.0 nmol
O, g' DW s~ (n=324), which is very close to the mean value
for poplar trees reported by Burton et al. (2002). Respiration

351 Homogeneous N10

Homogeneous N3
Homogeneous N1

oee

30

Heterogeneous N10
Heterogeneous N3

254 @ ]
Heterogeneous N1

> » >

B Field N+
O Field N-

20

y = 22,96 *x039)
(R? = 0.44)

Root respiration (nmol 029'15'1)

0 20 40 60 80 100 120
Root age (days)

Figure 4. Relationship of root respiration with root age. All original data
from the two experiments are fitted to a single power equation. Points on
the X-axis represent the middle age of each age class. There was no sig-
nificant (P> 0.05) effect of N supply or experimental condition (green-
house vs field) on the relationships of root respiration with root age (see
Table S1 available as Supplementary Data at Tree Physiology Online).

sharply decreased by 50-55% within the first 3 weeks after
roots appeared on the windows. After roots were older than 3—4
weeks, respiration declined little with age. The steepness of the
respiratory decline with age can vary among species. In one
study in grape, respiration rates declined by half within 2 days
after root emergence (Volder et al. 2005), whereas in this study,
it took ~21 days for Populus root respiration to decline from
16 nmol O, g~' DW s~ for roots <4 days old to 8 nmol O, g™
DW s~ (Figure 4). While all species seem to show quite steep
declines in respiratory activity with root age, the degree of
decline may depend on the amount of energy being used for
root construction after the root is no longer elongating, and for
ion-uptake and maintenance processes, as well as the temporal
resolution of the experimental observations. The intensive respi-
ration of young roots most likely reflects the initial growth
(Eissenstat and Volder 2005) and respiratory costs associated
with maintenance of abundant carrier enzymes as well as the
considerable costs of nitrate reduction and other costs associ-
ated with nutrient absorption, which may account for up to 70%
of total root respiratory costs (Poorter et al. 1991). It should be
noted that we measured only the first- and second-order roots
of the root module. They are not undergoing secondary thicken-
ing and are not becoming woody but are typically accumulating
tannins and other secondary phenolics that may reflect a slower
metabolism with less energy devoted to nutrient-uptake carrier
proteins as they age (Volder et al. 2005). Fine root N- and
P-uptake rates are highest during the first days of a root’s life and
typically sharply decline with age (Bouma et al. 2001, Volder
et al. 2005, 2009). Thus, the respiratory declines with root age
likely are related to the declines in uptake activity with root age.
We found that increases in N supply increased the total root N
concentration but, at least in the greenhouse experiment, had little
or no effect on root respiration (Tables 1 and 2). Increased root N
concentration was observed in older first- and second-order roots
of field-grown trees and root of all ages in greenhouse-grown
seedlings. Our results are not in line with the assumption of a
positive correlation of root respiration with N tissue concentration,
based on data from different species and different sites (Burton
etal. 2002, Reich et al. 2008, Chen et al. 2010). Root N concen-
tration does not always correlate positively with root respiration,
as shown in a study of Eucalyptus (Thongo M'Bou et al. 2004),
where root maintenance respiration, which accounted for >90%

Table 3. Significance of the minimum adequate models to explain the relationship of root respiration (log transformed) as a function of root age (days
log transformed), root N concentration (root N, N%) and their interaction. Relative importance of parameters, where total equals 1, was determined

using the R package ‘relaimpo’. ***Significant at P < 0.001.

Dataset n R? Relative importance of terms in model Minimum adequate model

Field experiment 163 0.43** Log root age (x;) 0.57 y=1.736-0.258x, + 0.522x,
Root N (x,) 0.43

Greenhouse experiment 161 0.46™** Log root age (x,) 1.00 y=3.138-0.427x,

Field and greenhouse experiment combined ~ 324  0.43*** Log root age (x4) 0.85 y=2.546-0.362x; + 0.185x,
Root N (x5) 0.15
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of total root respiration, decreased with increasing root N concen-
tration, although possible differences in average root age between
N treatments may also have contributed to these differences.
Nitrogen addition to saturating levels may shift the tissue N rela-
tionship with respiration (Ryan et al. 1996, Desrochers et al.
2002, Wang et al. 2010, Burton et al. 2012). Indeed, mainte-
nance respiration may poorly track N concentration if the excess
N is no longer associated with enzymatic activity such as protein
turnover or enzymes associated with maintaining membrane
potentials. One possibility is that this nonmetabolic N is associated
with storage proteins, which should require little maintenance
energy. At multiple Acer saccharum-dominated sites, Burton et al.
(2012) found that compared with ambient plots, long-term N
addition (15 years or longer) increased N concentration in the
coarser and deeper woody roots where storage proteins might be
more typically found. The form of the excess N of limited meta-
bolic activity in the roots receiving the highest N supply is largely
unknown and needs to be further explored. The answer may lie in
the soluble protein fraction and in N chemically bound to more
recalcitrant compounds (e.g., lignins and tannins: acid insoluble
fractions of root tissue), which may be in excess of 50% of total
root N (Xiong et al. 2013).

While broadly similar, there were some important differences
in the effects of N addition on the tissue N-respiration relation-
ship in the greenhouse seedling study compared with the field
experiment. It was evident that the seedlings were not N limited
as we observed no above- or belowground growth stimulation
by the N addition, in contrast to many previous studies (reviewed
by Hodge 2004). If the added N does not stimulate growth, it
may accumulate in metabolically inactive forms, even in young
roots. In contrast to the saturating N conditions in the green-
house experiment, the field experiment likely was not N satu-
rated. Although we did not measure total root length on the root
boxes, previous research did show stimulation of root growth as
a consequence of N addition in P tremuloides and other species
at this common garden (Adams et al. 2013). In the field experi-
ment, the relatively large trees and the small portion of the root
system that was exposed to N addition likely eliminated any
potential for N saturation in this experiment. Differences in N
saturation between the greenhouse and field experiments could
explain the lack of an N-addition effect on respiration indepen-
dent of root age in the greenhouse experiment and the fact that
some influence of root N concentration independent of age was
present in the field experiment. Interestingly, the N-induced
respiratory increase was more evident in the older field roots
than in the younger field roots (Figure 4). Previous work has
shown that N addition can extend root longevity of P, tremuloides
in N-enriched patches (Adams et al. 2013). Based on a cost—
benefit analysis (Eissenstat and Yanai 1997), longevity should
be extended to those roots that are providing the most N benefit
to the plant (i.e., those in N-rich patches), which might entail
active synthesis of mobile defenses and maintenance of more
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N-carrier enzymes, which would lead to higher respiratory activ-
ity in older roots. Thus, patchy N addition may modestly stimu-
late root respiration in older roots compared with similar age
roots in unenriched patches.

In the greenhouse experiment, when plants received a het-
erogeneous N supply, we did not observe faster respiration per
unit N in the roots receiving localized N compared with those
receiving uniform N (Table 2). However, we also did not observe
stimulated root growth in response to localized N supply either,
unlike many previous studies (reviewed by Hodge 2004). Thus,
the experimental system may not have been ideal to test
whether spatial patterns of N supply can affect the respiration—
N relationship.

Conclusions

Our results showed that first- and second-order Populus roots
exhibited markedly slower respiration for roots of the same root
module as the roots aged. These declines were especially
marked within the first 3 weeks of life of the roots and were
surprisingly robust, largely independent of tree age, site condi-
tions (field vs greenhouse) and N supply. Previously reported
effects of N supply on root respiration may have been partially
mediated through shifts in the age of the root population stud-
ied. Increased N supply can increase root tissue concentrations
without a concomitant increase in respiration, especially if con-
strained by root age and if plants are N saturated. Thus, the
strong correlations of root tissue N with respiration across spe-
cies and sites should not necessarily be realized with N addition
or N deposition, especially where N no longer limits productivity.

Supplementary data

Supplementary data for this article are available at Tree Physiology
Online.
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