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Abstract Despite extensive research on the seasonal
dynamics of non-structural carbohydrate (NSC) and nitro-
gen (N) concentrations, the size and relative contributions
of NSC and N pools across different tree organs are not
well understood. We have measured the changes in NSC
and N concentrations in leaves, branches, stems and all root
branch orders at monthly intervals in control and girdled
trees of larch (Larix gmelinii) and ash (Fraxinus mand-
shurica). The biomass of each plant compartment was also
determined to calculate the size of the NSC and N pools. In
both species, 13-37 % of the NSC and N pools were mobi-
lized at the beginning of the growing season. Among the
mobilized pools, stems and non-absorptive roots (branch
orders 4-9) acted as the largest NSC sources in larch and
ash, respectively, while branches served as the largest N
source in both species. After stem girdling, 22 and 50 %
of the root NSC stores in larch and ash, respectively, were
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mobilized to maintain root activities during the growing
season. Tree mortality was observed 1 year after girdling,
at which time there was still an abundant NSC pool in the
roots. We conclude that (1) different storage organs differ
in their contribution to new tissue growth at the beginning
of the growing season and that those storage organs holding
higher fractions of the NSC or N pool are not necessarily
those which mobilize more NSC or N; (2) tree growth may
not be limited by carbon (C) availability; (3) C storage in
non-absorptive roots plays an important role in maintain-
ing tree survival after the termination of photosynthate flow
from aboveground sources.

Keywords C storage - N storage - Source-sink relation -
C limitation - Root branch order

Introduction

Trees store non-structural carbohydrates (NSC) and nitro-
gen (N) in perennial structures when supply is greater than
demand, and NSC and N stores have long been considered
critical for the growth, physiology and functioning of plants
(Chapin et al. 1990). These stores can make up the carbon
(C) or N shortage when current demand exceeds supply
due to the seasonality of plant growth (Chapin et al. 1990;
Regier et al. 2010) or due to disturbances, such as shading
(Kobe 1997), windthrow (Vargas et al. 2009) or herbivory
(Kosola et al. 2001). The trunk, branches and coarse roots
are the primary NSC and N reservoirs because these peren-
nial structures constitute a large proportion of tree biomass
(Sakai and Sakai 1998; Latt et al. 2001).

Mobilization and refilling of the NSC and N stores lead
to fluctuations in these storage pools. The seasonal dynam-
ics of NSC and N concentrations have been extensively
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studied in various plant species. In deciduous plants, when
photosynthesis and N uptake are constrained by limited
leaf area and low temperature in early spring, NSC and N
are mobilized from the perennial structures to support tis-
sue growth and respiration, resulting in decreased concen-
trations of NSC and N in these storage organs (Hoch et al.
2003; Palacio et al. 2007). After the growing season, par-
ticularly when tree growth ceases, storage pools are replen-
ished and NSC and N concentrations increase (Landhiu-
sser and Lieffers 2003; Teixeira et al. 2007). However, few
studies have examined the sizes and dynamics of NSC and
N pools at the whole-tree level and particularly those of
roots, hindering a better understanding of the sink/source
relationship and the role of different storage pools in plant
functioning (Wiirth et al. 2005).

Roots are a key storage organ, and root C storage plays
a vital role in maintaining plant physiology when trees
suffer aboveground disturbance (Latt et al. 2001; Langley
et al. 2002). For example, C stores in woody roots were
remobilized to maintain non-woody (lower branch order)
absorptive roots after crown scorching that removed more
than 80 % of foliage (Guo et al. 2004) or after a fire that
destroyed aboveground parts (Langley et al. 2002). Nev-
ertheless, the extent of the mobilization of root C storage
for root growth and maintenance has seldom been quanti-
fied. To fill this research gap, tree stem girdling may serve
as a useful tool. Girdling removes the bark and phloem
down to the youngest xylem and immediately terminates
the flux of photosynthates from the tree canopy to the
roots, while maintaining water transport in the reverse
direction for possibly months (Hogberg et al. 2001; Bin-
kley et al. 2006). Once trees are girdled, roots can only
use C reserves below the girdling cut (i.e. the basal part
of the stem and the entire root system); consequently, gir-
dling treatment provide the means to gain a quantitative
understanding of the C costs in maintaining root functions
by measuring the dynamics of root C storage pools in gir-
dled trees.

Tree roots have a complex branching system with one to
three distal non-woody branch orders devoted to resource
uptake and several other woody root branch orders devoted
to transport and long-term storage (Guo et al. 2008; Xia
et al. 2010). Past studies documenting NSC and N dynam-
ics in roots have not considered this branching architecture
and have mostly separated root systems into coarse and
fine roots based on root diameter (Latt et al. 2001; Wiirth
et al. 2005; Kobe et al. 2010). However, this diameter-
based approach may not accurately distinguish roots of dif-
ferent functions (absorptive roots vs. non-absorptive stor-
age roots) (Pregitzer et al. 2002; Guo et al. 2004, 2008).
To date, no published studies have reported NSC and N
concentrations, pools and their seasonal dynamics across
branch orders of the entire root system in mature trees.
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In the study reported here we measured the biomass and
seasonal dynamics of NSC and N concentrations in leaves,
branches, stems and all root branch orders in two temperate
deciduous trees to examine the relative roles of different stor-
age organs in supplying C and N for new tissue growth at the
beginning of the growing season. In addition, stem girdling
was applied to examine the role of root C stores in maintain-
ing root functioning after aboveground photosynthate supply
was terminated. Larch (Larix gmelinii Rupr.) and ash (Fraxi-
nus mandshurica Rupr.) were selected for girdling treatment
because: (1) they are both dominant tree species in natural
forests of Northeast China and are key plantation species,
with larch representing 65 % of conifer plantations and ash
10 % of hardwood plantations (Wang et al. 2006); (2) the
two species have different growth forms and growth strate-
gies and thus may have different strategies of C and N stor-
age (Gaucher et al. 2005). Larch is a fast-growing conifer,
while ash is a broad-leaved species that grows more slowly.
The northern temperate climate zone where these species
are found is characterized by strong seasonality (Wang et al.
2006), thereby facilitating detection of the role(s) of differ-
ent plant organs in supplying and refilling NSC and N over
a growing season. Our specific hypotheses were: (1) in both
species, seasonal dynamics of NSC and N concentrations
will be similar despite the large differences in the pool size
among different organs because of the similar seasonality
of tree growth in the two species (both being deciduous and
growing at the same site); (2) in both species, storage organs
holding a larger proportion of tree NSC or N will mobilize
more NSC or N for new tissue growth at the beginning of the
growing season; (3) after stem girdling, NSC stores in non-
absorptive roots will be mobilized to maintain absorptive
roots until depletion, and the species with a smaller below-
ground NSC store will show a greater decline of root NSC
store in response to girdling.

Materials and methods
Study site

The experiment was conducted at Maoershan Forest
Research Station (45°21'-45°25'N, 127°30'-127°34' E),
Northeast Forestry University, Heilongjiang, China. The
site is subject to a continental temperate monsoon climate.
Mean January, July and annual temperatures are —19.6 °C,
20.9 °C and 2.8 °C, respectively. The growing season lasts
from May to September and ranges from 120 to 140 days.
Annual precipitation ranges between 700 and 800 mm,
with 75-80 % occurring in June, July and August. Soils
are Hap-Boric Luvisols, which vary from in depth from 30
to >50 cm, with high organic matter content (14 % in top
10 cm of soil layer) and good drainage. More details on
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the soil characteristics and site can be found in Wang et al.
(2006).

Pure plantations of L. gmelinii (referred to as larch here-
after) and F. mandshurica (referred to as ash hereafter)
were selected, both being established in 1986 with 2-year-
old seedlings in a 1.5 x 2.0-m planting grid. In total, 3.6 ha
of larch and 1.8 ha of ash were established in 1986. No
fertilizers had been applied since planting. At the time of
sampling in 2005, tree spacing remained at 1.5 x 2.0 m in
the ash stand, but was about 3.0 x 2.0 m in the larch stand
due to self-thinning. In 2005, larch and ash had mean trunk
diameters at breast height (DBH) of 11.4 cm [standard
deviation (SD) 3.2, n = 300] and 8.2 cm (SD 2.3, n = 300),
respectively, and heights of 11.7 m (SD 1.9, n = 300) and
11.5 m (SD 1.3, n = 300), respectively.

Girdling and sampling

In early May 2005—before bud break—three replicate
plots (20 x 30 m) were randomly chosen in each planta-
tion, and six randomly chosen trees were girdled on May
15 in each plot. Trees were girdled at 1.3 m above the
ground by completely removing a 10 cm (in height) section
of bark around the circumferences of the stems. Recovered
callus following girdling was removed monthly. After gir-
dling, much fewer leaves emerged from the girdled trees,
and the leaves were smaller in size compared to those of
the control trees (field observations). We did not collect
data on root dynamics after girdling, but we observed that
the fine roots in the girdled trees turned black after girdling
and that a few new roots were produced from some root
branches. The timing of leaf senescence leaf-fall did not
differ between control trees and girdled trees. In the spring,
no leaf emerged from girdled trees, and whole-tree mortal-
ity was confirmed in May 2006 (field observations).
Tissues of different organs were sampled six times
(2005: May 15, June 15, July 15, August 15, September 15;
2006: May 20) over a 1- year period according to tree phe-
nology. Bud break occurred between May 10 and May 20
of 2005, with larch showing bud break about 7 days ear-
lier than ash. Complete leaf expansion occurred by May 30,
and leaves started to turn yellow on September 10 in both
trees. Leaves fell on September 20 in ash and 10 days later
in larch. On each date, samples of leaves, branches, stems
and intact root systems were collected from one girdled
and one control tree in each plot, with different trees being
sampled on different dates. Three branches (each with five
branch orders) were sampled with pruning shears from
the lower, middle and upper part of the crown. Leaves and
branch-wood from these three branches were separated, and
branch-wood from different branch cohorts were pooled
together as mixed samples (referred to as “branches” here-
after). Stem samples were cored with an increment borer

(diameter 7 mm) at both the south-north and east-west ori-
entations to the center of stems at a height above ground of
1.5 m (about 20 cm above the girdling cut), and the bark,
sapwood and heartwood were combined as a mixed sam-
ple. The proportion of dead organs (bark and heartwood) in
the whole stem cores was comparable between the two spe-
cies. Bark thickness and heartwood diameter were 0.32 and
5.45 cm, respectively, in larch (mean DBH 11.4 c¢cm) and
0.20 and 5.67 cm, respectively, in ash (mean DBH 8.2 cm).
Root systems were sampled by manual excavation. A tap-
root was located, and all lateral roots attached to it were
traced carefully with screw drivers, with careful removal of
the soil around the roots to expose the intact root systems.
This root sampling method was feasible because the soil in
our site was rich in organic matter (14 %) and had a loose
loam texture which eased the separation of roots from the
soil; in addition, the roots had a relatively shallow distribu-
tion in the soil. The majority of roots were concentrated in
the top 30 cm for larch and in the top 50 cm for ash (Wang
et al. 2006). Roots of different branch orders were then
sampled (Pregitzer et al. 2002). The entire root systems can
be separated into nine branch orders in both species, with
the distal root tip being the first order. In this study, the
first to third branch orders were defined as absorptive roots
(mean diameter <0.5 mm), and the forth to ninth branch
orders were defined as non-absorptive roots (mean diameter
>(0.5 mm) based on the relationships between the diameter,
anatomy and lifespan of different branch orders for the two
species (Wang et al. 2006; Guo et al. 2008; Xia et al. 2010).
After collection, all samples were immediately placed on
dry ice, transported to the laboratory within 2 h and then
killed in a microwave oven (5 min at 800 W, with a glass
of water inside the oven to avoid overheating; Wiirth et al.
2005). Killed samples were washed with de-ionized water
and dried in a convection oven at 65 °C for 48 h.

Analyses of NSC and N concentrations

All of the dried samples were ground into a fine powder and
stored in plastic bottles before NSC and N concentrations
were analyzed. Soluble sugar and starch concentrations
were determined using with a modified phenol-sulphuric
acid method (Buysse and Merckx 1993; Zhang et al. 2013).
Briefly, a sub-sample was extracted overnight with 80 %
ethanol (v/v), followed by two centrifugations. The super-
natant was measured for soluble sugar concentration with a
spectrophotometer at 490 nm (model UV-PCO1; Shimadzu
Corp., Kyoto, Japan). The residue from the ethanol extrac-
tion was boiled in 3 % HCI (w/w, 0.08 N) for 3 h to trans-
form starch into soluble sugars and then filtrated. The sugar
concentration in the filtrate was measured using a spectro-
photometer, and starch concentration was calculated as the
sugar concentration multiplied by 0.9. NSC concentrations
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were calculated as the sum of soluble sugar and starch.
Total N concentration was analyzed using an automatic
Kjeldahl analyzer (model KT260; Foss Inc., Hillergd, Den-
mark). Briefly, a sub-sample was digested in 98 % H,SO,
(w/w) and H,0, with CuSO, and K,SO, as catalysts, trans-
forming N into (NH,),SO,. A 40 % NaOH solution (w/v)
was then used to release NH; from (NH,),SO,, and the
released NH; was absorbed with 1 % boric acid and trans-
formed into (NH,),B,0;. A solution of 0.1 M HCI was
used to titrate the concentration of (NH,),B,0;.

Evaluation of biomass and sizes of NSC and N pools

Ten trees of each species with increasing DBH (range 5.7-
16.6 cm for larch and 5.7-13 cm for ash) were randomly
chosen from these plots, harvested and separated into
stems, branches, leaves and coarse roots (diameter >2 mm,
primarily the sixth to ninth orders) (Wang et al. 20006) in
August to quantify tree allometry. Sub-samples of these
plant parts were dried and weighed to quantify biomass.
Roots were washed in tap water before measurement. Dur-
ing excavation of the coarse roots, the coarse root systems
from each tree were traced carefully and dug out. Equa-
tions for the association between DBH and the biomass of
different plant parts were established based on the meas-
urements of ten harvested trees. The biomass of each plant
part of un-harvested trees was obtained by inserting each
tree’s DBH into the established equations. Three intact lat-
eral root systems were sampled from each of three individ-
ual trees of each species and the sixth to ninth root orders
(coarse roots) were separated. The proportion of each root
order in the total biomass of coarse roots was then esti-
mated. The tree-level biomass of each root order from the
sixth to ninth order was calculated by multiplying the tree-
level coarse root biomass by the biomass proportion of
each order. For estimating fine root biomass, we took eight
soil cores (diameter 10 cm) to a depth of 30 cm from each
plot; we then separated out the first five root orders and
measured the biomass of each root order on a basis of soil
area. The tree-level biomass of fine roots was calculated by
multiplying the biomass per square meter by the total area
of a plot and then dividing the product by the number of
trees in a plot.

Since we only measured biomass once (in August, the
peak of the growing season), we assumed that the biomass
of the storage organs (stems, branches and the fourth to ninth
order roots) stayed constant over the 1-year study period,
which was a reasonable assumption given the slow turno-
ver rate of these organs. However, the biomass of leaves and
of the first three root branch orders varied over the seasons,
with leaf biomass varying from zero in winter to a maximum
in August (Wang et al. 2006). Therefore, allocation of NSC
and N pools among all organs was measured only in August,
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and the size of the NSC or N pool in each organ was calcu-
lated by multiplying its biomass by its N or NSC concentra-
tion in August. In addition, the sizes of the NSC and N pools
in the storage organs in different seasons were calculated by
multiplying their respective biomass by their respective N or
NSC concentrations at each sampling time.

The seasonal dynamics of NSC and N pools in storage
organs of un-girdled trees throughout the whole year (May
2005 to May 2006) were quantified by the changes of NSC
and N pools during the early growing season (mid-May to
mid-June), mid-growing season (mid-June to mid-Septem-
ber) and dormant season (mid-September to the next mid-
May). An increase in the pools indicated that the storage
organ acted as a sink, and a decrease indicated that the stor-
age organ acted as a source. The C cost in maintaining the
root systems throughout the growing season was calculated
as the change in the NSC pool in the non-absorptive roots
of girdled trees from mid-May to mid-September in 2005.

Statistical analyses

The differences in total biomass and the biomass in each
plant part between larch and ash were determined by Stu-
dent’s ¢ test. For each plant organ, a two-way (sample
month and treatment as the two main factors) factorial
analysis of variance was conducted to test the differences
of NSC and N concentrations among sampling dates and
between control and girdled trees.

Results

Species differences in biomass, NSC and N pools and their
allocation among organs

The NSC pool at peak growth accounted for 13 and 17 %
of the total biomass in larch and ash, respectively. The bio-
mass of the leaves, branches, stems and non-absorptive roots
(fourth to ninth orders), respectively, in larch was 1.4- to 2.6-
fold higher than that of the respective organs in ash (Fig. 1a).
The biomass of the absorptive roots (first three orders) did
not differ between larch and ash (Fig. la, aa). The sizes of
the NSC and N pools in larch were 1.5-fold higher than those
in ash (Fig. 1b, c). The largest fractions of biomass and NSC
pool were allocated to stems in both species (Fig. 1d, e), and
the largest fraction of N was allocated to leaves in larch and
to non-absorptive roots in ash (Fig. 1f).

Seasonal dynamics of NSC and N concentrations and pools
among organs in un-girdled trees

The NSC concentrations in all of the organs of larch and
ash, except for the sixth root order of larch and the ninth
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Fig. 1 Allocations of biomass (a, d) and of non-structural carbohy-
drate (NSC; b, e) and nitrogen (N; ¢, f) pools among organs of larch
(Larix gmelinii) and ash (Fraxinus mandshurica) at the peak of the
growing season (August). n = 24 cores for each species for the first
five root orders; for coarse roots and aboveground parts, the biomass
of each plant part was obtained by inserting each tree’s diameter at

root order of ash, varied significantly among sampling
dates (P < 0.05 or 0.01 or 0.001; Fig. 2; Table 1). In the
aboveground organs of both species, NSC concentra-
tions decreased from May to a minimum in June and then
increased until peaking in August or September (Fig. 2). In
roots, the maximum NSC concentration occurred in May,
and the minimum was found in June in all ash root orders,
while the minimum of NSC concentrations in larch roots
occurred in July or August (Fig. 3). Similar to aboveground
organs, root NSC concentration recovered in September of
2005 in both species. From September 15, 2005, to May
20, 2006, NSC concentration decreased in most root orders,
but increased in stems of both species (Figs. 2, 3).

N concentrations in all aboveground organs and in
the first five root branch orders also varied significantly
among sampling dates in both species (P < 0.05; Figs. 2,

breast height (DBH) into the biomass—DBH equations established by
ten harvested trees for each species, and then averaged for all indi-
viduals in the plots. In each panel, data for absorptive roots are also
shown in detail in a small panel because values were small compared
to other plant parts (aa, bb, cc, dd, ee, ff)

4; Table 2). Leaf N concentration in both species decreased
continuously from May to September (Fig. 2). In compari-
son N concentration in the branches and roots decreased
from May to a minimum in June or July, following which it
increased continuously until the end of the growing season.
From September 15, 2005, to May 20, 2006 (the dormant
season), N concentrations decreased in the higher order
roots of larch while they increased in nearly all of the ash
root orders (Fig. 4).

At the start of the growing season (from mid-May to
mid-June), all storage organs (i.e. branches, stems and non-
absorptive roots) of ash and branches and stems of larch
acted as NSC sources, with the largest source in larch and
ash coming from stems and non-absorptive roots, respec-
tively (Table 3). During this period, non-absorptive roots
in larch acted only as a weak sink (Table 3). The NSC
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mobilized from storage organs for new tissue growth in
this season accounted for 20 and 30 % of whole-tree NSC
storage in larch and ash, respectively. In the growing sea-
son (from mid-June to mid-September), all storage organs
acted as NSC sinks, with the largest increase occurring in
branches for larch and in non-absorptive roots for ash. Dur-
ing the dormant season (from mid-September until the next
May), in both tree species non-absorptive roots served as a
NSC source and stems served as a sink (Table 3).

During the early growing season, all storage organs of
ash but only the branches of larch acted as N sources, while
stems and non-absorptive roots of larch acted as weak sinks
(Table 3). The N mobilized from storage organs for new tis-
sue growth accounted for 13 % of the N pool in larch and
37 % in ash. During the growing season, all storage organs
(stem, branch and non-absorptive roots) in larch and branches
and non-absorptive roots in ash acted as N sinks, while stems
in ash acted as a source. From mid-September until the next
following May, stems and non-absorptive roots served as
weak N sources in larch, but as weak N sinks in ash (Table 3).

Carbon and nitrogen stores in response to stem girdling

For both tree species, leaf NSC concentration was higher in
girdled trees than in control trees (P < 0.05 or 0.01; Fig. 2;
Table 1). In contrast, NSC concentrations of all root orders of
larch and non-absorptive roots of ash were lower in girdled
trees than in control trees from 15 June onwards (P < 0.01;
Fig. 3; Table 1). NSC concentrations in branches and stems
of both species and in absorptive roots of ash did not differ
between girdled and control trees (Figs. 2, 3; Table 1). The
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Sampling Time (month)

seasonal variation in NSC concentration in most organs was
similar in girdled and control trees for both species.

According to estimations based on the change in the
size of the NSC pool in non-absorptive roots of girdled
trees from mid-May to mid-September, the NSC cost in
maintaining the root systems throughout the growing sea-
son amounted to 282 and 635 g per tree in larch and ash,
respectively, accounting for 22 and 50 % of the NSC pools
in non-absorptive roots of larch and ash control trees,
respectively, in August (data not shown).

N concentrations in all root orders of larch and in the
first four root orders of ash were significantly lower in gir-
dled trees than in control trees (P < 0.01; Fig. 4; Table 2).
For aboveground organs of both species and root orders
5-9 of ash, N concentration did not differ between girdled
trees and control trees. The seasonal variation in N concen-
tration in most organs of larch and in aboveground organs
of ash was similar in girdled trees and control trees, with
N concentration decreasing to a minimum, followed by a
period of re-filling. However, for ash roots, N concentra-
tion decreased throughout the whole year after girdling and
there was no re-filling (Fig. 4).

Discussion

Biomass, NSC pool and N pool and their allocation
among organs

Despite the markedly different growth rates between larch
and ash (indicated by total biomass per tree in Fig. 1), the
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Table 3 Seasonal non-structural carbohydrate and nitrogen dynamics in storage organs® in control trees

Pool Mid-May to mid-June (early growing Mid-June to mid-September (mid-growing Mid-September to following May (dor-
season) season) mancy season)
Branch  Stem Non-absorptive root ~ Branch ~ Stem Non-absorptive root ~ Branch ~ Stem Non-absorptive root
NSC pool (g tree™")
Larch 250 1,046 537 —605 =573 =364 ND —1,461 410
Ash 233 382 648 —340 —288  —494 ND —-102 67.7
N pool (g tree™")
Larch 193 —-1.3 —5.8 —16.4 —6.1 —12.7 ND 2.1 7
Ash 13.8 8.5 13.4 —4.8 9.7 —4.4 ND 22 52

Positive values indicate sources (decreases) and negative values indicate sinks (increases)

ND, No data

& Storage organs: branches, stems and non-absorptive roots

N stores in storage organs should have been mobilized for
the production or maintenance of cambium and new shoots
and roots. In this regard, larch drew NSC and N only from
aboveground organs, with stems acting as the largest source
of NSC and branches as the largest source of N (Table 3).
However, ash relied on non-absorptive roots as the larg-
est source (51 %) of mobile NSC and on branches as the
largest (39 %) of mobile N (Table 3). This result does not
support our second hypothesis that storage organs holding
higher fractions of NSC and N pools would contribute more
to the mobilization of NSC and N for new tissue produc-
tion or tissue maintenance in the early growing season. One
explanation for this result is that among the storage organs
(branches, stems and non-absorptive roots), both species
allocated the largest fractions of the NSC pool to stems and
the largest fractions of the N pool to non-absorptive roots
(Fig. 1). During the dormant season, non-absorptive roots
served as a NSC source while stems served as a sink in
both species (Table 3). Other studies have shown that the
activities of cambium, xylem and phloem cease during the
dormant season in several temperate and sub-tropical trees
(Venugopal and Liangkuwang 2007; Prislan et al. 2013).
Therefore, the NSC transferred from non-absorptive roots
to stems in the dormant season might be used for stem res-
piration instead of production.

Response to girdling

Stores of NSC and N in non-absorptive roots played impor-
tant roles in maintaining root functions after the abrupt
damage by girdling in our study, consistent with the notion
that root storage is pivotal for tree survivorship (Kobe 1997;
Canham et al. 1999). Girdling terminated photosynthate
flux from the tree canopy to roots. To maintain absorption
and transport functions, the root NSC pool was mobilized
immediately, as supported by the reduced root NSC con-
centrations caused by girdling in both species (in all root
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orders of larch and in the fourth to ninth root orders of ash)
(Fig. 3). Since root functions were maintained, water and N
transport from roots to aboveground organs might have also
proceeded after girdling; therefore, photosynthesis would
have continued after the girdling. This was evidenced by
the increased NSC concentration in girdled tree leaves
(Fig. 2), consistent with similar reports of carbohydrate
accumulation in stems in response to girdling (Regier et al.
2010). N concentrations in aboveground organs were not
affected by girdling, whereas N concentrations in all orders
of ash roots and the sixth to ninth orders of larch roots were
reduced by girdling after mid-June without replenishment
by N uptake (Figs. 2, 4), suggesting that root N storage was
mobilized to maintain the N requirements of aboveground
organs while N uptake in absorptive roots was impaired by
girdling, similar to previous findings of the effects of can-
opy scorching on roots (Guo et al. 2004). Consistent with
the latter part of our third hypothesis, inter-specific differ-
ences occurred in response to girdling. Concentrations of
NSC and N decreased in all root orders of larch after gir-
dling, yet NSC concentration decreased only in the fourth
to ninth root orders, and N concentration decreased only in
the first four root orders in ash (Figs. 3, 4). The fact that
girdling only affected certain root orders in ash might be
due to the higher allocation of NSC and N pools below-
ground in ash than in larch (Fig. 1), and thus root activities
in ash were maintained for a longer time period.

Tree mortality after girdling in our study could not be
explained by root C starvation because mortality was found
even when stored C in non-absorptive roots was still abun-
dant, with more than one-half of the NSC pool remain-
ing (Fig. 3). This finding was contrary to part of our third
hypothesis that root functions would be maintained until
the root NSC pool was depleted. Unlike defoliation or per-
sistent shade, which also cause the interruption of carbohy-
drate flow to roots (Guo et al. 2004; Gaucher et al. 2005)
but may be buffered by large root NSC reserves, girdling
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represents a severe and permanent damage event. This
is evident from the reduced number and size of leaves in
both girdled larch and ash, followed by death 1 year after
girdling. Nevertheless, the large fraction of NSC stores
remaining in the dead girdled trees supports the view that
much of the NSC accumulated by trees may represent
sequestration, not storage, and thus cannot be utilized (Mil-
lard and Grelet 2010). Our study suggests that tree girdling
may not be used to separate soil respiration into autotrophic
or root respiration versus heterotrophic respirations. It has
been assumed that girdling terminates aboveground C flux
and thus eliminates autotrophic respiration (Binkley et al.
2006; Chen et al. 2010). However, our study shows that a
substantial portion of the root NSC pool (22 % in larch and
50 % in ash) was mobilized to maintain root activities after
girdling, thus, it is important to consider root C storage
when measuring soil heterotrophic respiration using the
tree girdling method, as originally suggested by Hogberg
et al. (2001). Although larch had a larger root biomass than
ash (Fig. 1), the amount of root NSC mobilized to main-
tain the root system in larch after girdling was only one-
half (282 g per tree) that in ash (635 g per tree). This result
might be related to the much higher ash root N concentra-
tions (Fig. 4), which is indicative of a higher respiration
rate. A number of studies have shown that root respiration
rate is strongly and positively related to root N concentra-
tion because N-rich enzymes drive metabolic processes
and, consequently, respiration (Atkinson et al. 2007; Reich
et al. 2008; Burton et al. 2012). The respiration-N concen-
tration relation was also found in larch and ash at our study
site (Jia et al. 2011). The C cost in maintaining the root
activities in control trees might be greater than that calcu-
lated from girdled trees because root N concentrations were
higher in control trees than in girdled trees in both species
(Fig. 4).

Conclusion

We found that different storage organs differed in their con-
tribution to new tissue growth at the beginning of the grow-
ing season and that storage organs with higher fractions
of NSC or N pool were not necessarily the ones mobiliz-
ing more NSC or N pool for new tissue growth. The large
size of the NSC pool together with the small portion of the
NSC pool mobilized at the beginning of the growing sea-
son suggest that tree growth may not be limited by C avail-
ability. The large portion (more than one-half) of the NSC
pool remaining in non-absorptive roots after tree death
suggests that C was sequestered and hence unavailable
to plants or that C starvation may not have been the only
reason of tree mortality after girdling. The substantial por-
tion of root NSC (22 % in larch and 50 % in ash) spent on

maintaining root activities after girdling suggests that the
C and N stores in non-absorptive roots played an important
role in maintaining tree survival, moreover, it is important
to consider root C storage in separating soil respiration into
autotrophic and heterotrophic components when using the
girdling method.
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