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Abstract

Background and aims The decomposition of roots is
an important process in the loss of carbon (C) and the
mineralization of nitrogen (N) in forest ecosystems.
The early stage decomposition rate of Sitka spruce
(Picea sitchensis (Bong.) Carr.) roots was determined
using trenched plots and decomposition bags.
Methods Stumps of known age were trenched and
quadrants (50 cm by 50 cm) excavated from randomly
selected stumps every 6 months over 4 years, while
the mass loss from buried roots in decomposition
bags, divided among four diameter categories (ranging
from fine roots <2 mm to large roots >50 mm), was
monitored for 27 months. The C and N concentrations
of excavated samples at different time points were
analysed.

Results The change in total root necromass per quadrant
showed a higher decomposition rate-constant (k) of
0.24:£0.068 year ' than the k-value of roots in decom-
position bags (0.07+0.005 year ). The C concentration
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(47.2440.609 %) did not significantly change with de-
composition. There was a significant increase in the C:N
ratio of roots in all diameter categories (fine: 48.92 %,
small: 38.53 %, medium 11.71 %, large: 76.25 %) after
4 years of decomposition, driven by N loss. Root diam-
eter accounted for 78 % of the variation in the N con-
centration of roots as decomposition progressed.
Conclusion Though the trenched plot approach offered
an alternative to the more common decomposition bag
method for estimating root decomposition, high spatial
variation and sampling difficulties may lead to an over-
estimation of the mass loss from trenched roots, thus, the
decomposition bag method gives a more reliable de-
composition rate-constant.

Keywords Trenched plots - Root diameter - Root
decomposition - Decomposition bags - C:N
ratio - Decomposition rate-constant

Introduction

The long-term storage of carbon (C) in forest ecosystems
depends greatly on the allocation of biomass into long-
lived forest C stocks. These stocks include above- and
belowground biomass, deadwood (fine and coarse
woody debris; CWD), litter and soil organic matter
(Laclau 2003; Petersson and Melin 2010). There are
many studies devoted to estimating the C stocks and
decomposition rates of litter and CWD created by natural
succession (e.g. snags, fallen trees) and disturbance
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dynamics (e.g. harvest residues, stumps) (Beets et al.
2008; Jonsson and Jonsson 2007; Shorohova et al.
2008; Tobin et al. 2007a). These processes also produce
large pools of C belowground (i.e. dead root systems)
which decompose at varying rates and are gradually
incorporated into the soil organic matter pool (Chen
et al. 2001; Fahey and Arthur 1994).

The contribution of decomposing roots to the forest
debris C pool is typically ignored because of the tre-
mendous effort and time required for measuring this
component (Resh et al. 2003; Soethe et al. 2007). How-
ever, the root system below a stump can represent up to
20 % of the total biomass of a tree, thus underlining the
need for quantifying the C stored in dead roots (fine and
coarse), their nutrient dynamics and decomposition
rates. These are essential for the accurate estimation of
the CWD C pool and its role in forest C cycling (Laiho
and Finér 1996; Melin et al. 2009).

Estimating rates of root decomposition is challenging
because roots are hidden from view and occur in an
environment that must be disturbed as part of any anal-
ysis. Studies on belowground decomposition have fo-
cused mostly on fine roots (generally defined as <2 mm)
due to their faster turnover rates (Hobbie et al. 2010;
Silver and Miya 2001), with very little attention paid to
coarse roots (>2 mm) (Ludovici et al. 2002; Melin et al.
2009), which account for the majority of root biomass
(except in very young stands) (Misra et al. 1998).
Coarse roots act as conduits for nutrients and water, a
storage site for C and nutrients, and also provide phys-
ical anchorage (Keplin and Hiittl 2001; Knorr et al.
2005; Tobin et al. 2007b). In addition, the decomposi-
tion of coarse roots provide a slow delivery of C and
nutrients to the soil and soil biota and so influences the
long-term ecosystem productivity and CO, emissions
from forests (Johnsen et al. 2005; Mao et al. 2011).

The common methods used for studying root decom-
position include: buried decomposition bags, buried
pots, trenched plots, tethered roots, sequential coring,
intact-core methods, laboratory incubation and excava-
tion of stump chronosequences (Aulen et al. 2011; Chen
etal. 2000; Ludovici et al. 2002; Silver and Miya 2001).
The buried decomposition bag method is the most com-
mon and widely-used technique, where the rate of root
decomposition is determined from the fraction of orig-
inal mass remaining over time. However, this method
has been criticized for providing unreliable results be-
cause it causes a disruption of the root-rhizosphere,
hastens the root-death process (without allowing a phase
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of e.g. fungal inoculation), could prevent translocation
and decreases the accessibility for larger decomposer
organisms such as soil invertebrates (Aulen et al. 2011;
Fahey and Arthur 1994; Mao et al. 2011).

An alternative approach, which aims to circumvent
some of the limitations of the decomposition bag meth-
od, is the trenched plot method (Manlay et al. 2004). A
trench is dug around a block of soil containing stumps,
to a depth deeper than the main rooting zone to ensure
all roots within the trench are dead by severing root
grafts and mycorrhizal hyphae connections with adjoin-
ing trees (Sayer and Tanner 2010; Subke et al. 2006).
The decomposition rate is determined from the change
in root mass excavated or cored from the trenched plots
over time and the experimental design could be stratified
based on depth and direction (Silver and Vogt 1993). A
somewhat similar approach is the excavation of whole
stump and root systems from a chronosequence of sites
and estimating the decomposition rate from the mass of
root remaining at different time points after harvest
(Ludovici et al. 2002; Melin et al. 2009).

Root decomposition depends on both biotic and abi-
otic factors; the most important being root quality (or
chemistry) (Lin et al. 2010; Silver et al. 2000). Root
tissue quality generally varies with soil nutrient condi-
tions, tree species and root diameter (Mao et al. 2011). It
is a primary controller of belowground decomposition,
because the chemical properties of root tissue, such as the
varying concentrations of calcium (Ca), lignin, phospho-
rus (P), nitrogen (N) and water soluble phenols, strongly
influence the variation in the rate of root decomposition,
especially during the early and late phases (Creed et al.
2004; Olajuyigbe et al. 2011; Palviainen et al. 2010;
Yang et al. 2010). Of the chemical properties that have
been investigated, Ca concentration and C:N ratio have
been shown to explain the largest amount of variability in
root decomposition on a global scale (Aulen et al. 2011;
Chen et al. 2001; Silver and Miya 2001).

The C, N, lignin and polyphenol concentrations are
the most common chemical criteria used to define detri-
tal substrate quality and ratios of e.g. C:N have been
used to predict stages of decomposition and nutrient
release (Creed et al. 2004; Goebel et al. 2011). Decom-
posing forest debris do not release N in concordance
with loss of mass and changes in N concentration have
been confirmed to limit decomposition. Therefore, the
changes in C:N ratio as mass is lost can be used as an
indicator of the stage of root decomposition (Teklay
2007; Zeng et al. 2010).
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Apart from root chemical quality and various envi-
ronmental factors, root diameter (which often indicates
functionality) is another key factor that governs the
decomposition and nutrient cycling of roots (Nambiar
1987), because it integrates both chemical and physical
properties associated with root development (Fahey and
Arthur 1994). For instance, N and P concentrations
generally decrease with increasing root diameter (John
et al. 2002; Vogt et al. 1991).

Sitka spruce (Picea sitchensis (Bong.) Carr.) is the
most important commercial tree species in Ireland; ac-
counting for 52 % of the total forest estate (Forest
Service 2008). In Irish forest plantations, the main sour-
ces of CWD are thinning and harvesting operations,
generating both above- and belowground woody debris.
The stock change and decomposition of CWD (espe-
cially roots) is a major factor influencing C storage in
managed forests.

Root growth patterns and the generally shallow root-
ing depth and architectural distribution of Sitka spruce
planted on wet mineral soils in Ireland have been
reported (Nieuwenhuis et al. 2003; Nieuwenhuis and
Wills 2002), as well as belowground C pools (Black
et al. 2009; Green et al. 2007). However, little informa-
tion exists to date on the belowground decomposition
dynamics of this species. In a related study (Olajuyigbe
et al. 2011), coarse roots (>2 mm) were estimated to
compose 85 % of the CWD C pool in the study site.
Thus, the inclusion of belowground CWD in report-
ing estimates of forest C pools is important, and identi-
fying decomposition rates and N dynamics will enhance
our understanding of the role of dead roots in forest
ecosystems.

The aims of this study were (1) to determine the early
stage decomposition rate of roots using both quadrants
from trenched in situ root systems and buried decompo-
sition bags in a Sitka spruce forest; (2) to determine the
effect of root diameter categories and depth on root mass
loss; and (3) to determine the changes in C and N con-
centrations and the C:N ratio of the excavated roots as
decomposition progressed with time.

Materials and methods

Site description

The study was carried out in a 23-year-old Sitka spruce
(P, sitchensis) forest stand growing on wet mineral gley

soil located in Co. Laois in the Irish midlands (52° 57'N,
7° 15" W, elevation of 260 m). This wet mineral gley soil
was formed under naturally wet or waterlogged condi-
tions and has a greyish colour as a result of the reduction
(under anaerobic conditions) of ferric iron to the ferrous
state. The soil litter-humus horizon (O) and the mineral
horizons (A, B and E) occur within 30 cm of the soil
depth in this forest stand (Saiz et al. 2007).

The stand forms part of a long-term experimental
field station used for the measurement of climatic data,
greenhouse gas flux and biomass accumulation, as part
of the Carbon Sequestration in Irish Forests project
(CARBIFOR; Black and Farrell (2006)). The 30-year
mean annual temperature and rainfall were 9.3 °C and
850 mm, respectively. The 42 ha stand which was
previously unmanaged grassland with a slope of 3 %,
was afforested in 1988 at a density of 2,300 stems ha '
(using 2 m by 2 m spacing). It was thinned in the winters
0f2006 and 2008, and approximately 22 % and 23 % of
the total forest biomass was removed, respectively. The
first thinning was largely systematic, in which every
seventh row was removed (with selective thinning in
the remaining rows), while the second thinning was
purely selective. The seventh rows which were removed
became the extraction racks (thinning lines) and repre-
sented ~14 % of the total stand area.

Root sampling in trenched plots

Stumps in 6 thinning lines were trenched in the spring of
2007, to ensure root death and no grafting with adjoin-
ing trees, by digging a channel approximately 1 m on
either side of the row of stumps to a depth of 60 to 70 cm
(well below the observed major rooting zone). These
trenches were then backfilled after carefully severing all
root connections with live trees. Six stumps (one per
thinning line) of known age (time since harvest and
trenching) were randomly selected for excavation to
determine belowground necromass, and this was repeat-
ed every 6 months. At each sampling time, new trenched
stumps (previously undisturbed) were selected for
excavation.

For practical reasons, a quadrant of 50 cm by 50 cm
located against a stump in one of the cardinal directions
was manually excavated from each selected stump.
Quadrants were used to reduce the amount of excavation
work from each individual stump, while preserving the
degree of root diameter variation and allowing a greater
number of replicates to be excavated. The top surface
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diameters of stumps were measured after the trenching
and before each excavation.

The quadrant direction was randomly selected and
the excavation was stratified by two depth classes (A: 0—
10 cm and B: >10 ¢cm to maximum rooting depth). The
maximum rooting depth in each excavated quadrant was
recorded and all roots within the quadrant were carefully
separated from the soil and collected in sample bags.
Roots were transported to the laboratory for cleaning
and sorting into four diameter categories; fine (<2 mm),
small (2-10 mm), medium (>10-50 mm) and large
(>50 mm). The large roots were identified as the large
lateral roots radiating from the base of each stump. The
samples were oven-dried until constant weight at 80 °C
and their dry weight recorded. The excavations com-
menced in the spring of 2007 and were carried out 0, 2,
2.5, 3, 3.5 and 4 years after trees were felled.

Decomposition bag experiment

Known weights of oven-dried roots from the four diam-
eter categories, previously excavated from the same
stand at time 0, were placed in 1 mm nylon mesh bags
(bag dimensions: 10 cm by 15 cm for fine and small
roots and 25 cm by 50 cm for medium and large roots).
Six replicates were prepared for each root diameter
category and were buried at two depths (A: 0—10 cm
and B: 10-20 cm), apart from large roots which were
only buried at depth A, because roots of this diameter
category were only found to occur at this depth. Each set
of samples were inserted into the soil in 6 plots adjacent
to the thinning lines where the trenched roots were
excavated. A total of 246 mesh bags (72 each for fine,
small and medium roots, and 30 bags for large roots)
were inserted into the soil.

To bury the mesh bags, a spade was used to create a
slit in the soil at a ~45° angle and the bags were
inserted into the incision to depths of 10 and 20 cm.
This ensured that soil disturbance was minimized as
much as possible and that bags had good contact with
the soil. At each point, seven bags (two of fine, small
and medium roots (i.e. two depths) and one of large
roots) were buried ~50 cm apart and arranged in a
wheel pattern. All the bags to be collected at each
sampling time were connected with a string and this
was anchored at the centre to enable easy recovery of
bags and to prevent accidental loss.

The fine, small and medium root bags were collected
after 3, 6, 12, 18, 24 and 27 months, while large root
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bags were collected after 6, 12, 18, 24, and 27 months.
Once returned to the laboratory, the bags were cleaned,
dried at 80 °C, and the fraction of initial necromass
remaining was determined.

C, N and C:N ratio analysis of excavated root samples

For each diameter category, samples of roots from indi-
vidual stumps excavated at different time periods were
re-dried (at 80 °C), mixed and homogenised by passing
each through a motorised flail shredder, and three sub-
samples were taken randomly from each batch of mixed
material. These sub-samples were ground using a ham-
mer flail mill fitted with a 1 mm gauge. The C and N
concentrations were determined using a Vario Max CN
element analyser (Elementar Analysensysteme GmbH),
using direct combustion at 850 to 1150 °C. Then, the
change in C and N concentrations as well as C:N ratios,
over the period of decomposition, was determined for
each diameter category (with C and N concentrations at
time O representing the initial concentrations).

Statistical analysis

The data were processed using one-, two-, and three-way
ANOVA (fixed effect models) and post-hoc analysis us-
ing Holm Sidak and multiple comparison tests in Sigma-
Stat 11 for Windows and XLSTAT 11 for Microsoft
Office. Differences between main and interaction effects
of root diameter categories, time since harvest, direction
of excavation and depth of excavation (A and B) on root
necromass per quadrant, C and N concentrations, and C:N
ratios were assessed. The effects of burying depth (A and
B) and decomposition time on the mass loss of roots in
decomposition bags were also determined. The Pearson
product moment correlation (r) and regression analysis
were used to measure the relationship between variables.
All significant differences are reported at P<0.05.

Exponential decomposition functions

A single negative exponential decomposition function
(Olson 1963) was used to estimate the decomposition
rate of root necromass per quadrant based on (Eq. 1):

W= Woexpikﬂ- (1)

where W, (kg quadrant ') is the total root necromass
excavated from each quadrant at time since harvest T
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(years), W,, (kg quadrant") is the initial necromass
determined as the intercept of the decomposition curve,
and k,, is the decomposition rate-constant (year '). This
model assumes that the rate of decomposition is propor-
tional to the amount of necromass remaining in the
trenched plots.

It has been shown that the predictability of root nec-
romass remaining could be increased if stump diameter
was included as an independent variable in a modified
exponential decomposition function (Ludovici et al.
2002; Melin et al. 2009). Therefore, the exponential
function (Eq. 1) was modified to relate root necromass
per quadrant to a combination of stump diameter and
time since harvest as shown in Eq. 2:

W, = |a + b(dia) |exp{~(ctd(@a)T} (2)

where (dia) is the stump diameter (m) and a, b, ¢, and d
are equation parameters.

To determine the decomposition rate-constant ki,
for each root diameter category placed in mesh bags,
we fitted a negative exponential decomposition model
(Eq. 3) to the fraction of root mass remaining as shown
in Eq. 3:

W kT,

—=exp " 3
7, = oXP (3)
where W,, (kg) is initial mass, W (kg) is mass remaining
at time Ty, (in years after the roots were buried) and ky, is
the individual diameter category decomposition rate-
constant determined using nonlinear least-squares fitting.

Results
Change in trenched root necromass

A 60 % reduction in the total root necromass per quad-
rant was observed after 4 years. Generally, the total
amount as well as the root necromass for individual
diameter categories excavated from all directions de-
creased as decomposition progressed (Fig. l1a and b).
The post-hoc tests showed that the total necromass per
quadrant from the western quadrants were only signifi-
cantly greater than the necromass from the southern
quadrants.

There was a positive correlation between total root
necromass per quadrant and stump diameter (r=0.691,
P<0.0001). The stump diameter did not differ

significantly (P=0.069) between the different sam-
pling times (mean stump diameter ranged from 18.15
to 25.29 cm).

The maximum rooting depth was significantly differ-
ent (P=0.025) for the different sampling times (mean
maximum depth ranged from 42.66 to 63.50 cm). How-
ever, only maximum depth after 2 years differed from
that after 2.5 years. All large root samples occurred only
at depth A, while varying amounts of fine, small
and medium diameter categories were found at depths
A and B.

The interaction between direction of excavation
and depth was not significant for fine (P=0.326),
small (P=0.690) and medium (P=0.128) roots,
while only the three-way interaction effect of time
since harvest, direction and depth of excavation on
total necromass per quadrant was significant (P=
0.020) (Table 1).

Decomposition function for root necromass

The single negative exponential decomposition curve
(Eq. 1) for change in total root necromass per quadrant
(Fig. 1a) produced a poor fit (R*=0.26, P=0.001) with
a k,-value of 0.24+0.068 yearﬁl; while the bivariate
model (Eq. 2), relating stump diameter and time since
harvest to root necromass per quadrant, gave a better
fit (R>=0.62, P<0.0001) (Table 2). The plot of resid-
uals for the bivariate model showed the uniform
spread of the data around the mean of stump diameter
and time since harvest (Online resource 1).

Effect of diameter categories on excavated
root necromass

The root necromass excavated for each diameter cate-
gory depended on the time since harvest and the direc-
tion of excavation, as significant main and interaction
effects of the time since harvest (P<0.001), direction of
excavation (P=0.003) and the root diameter categories
(P<0.001) were observed (Table 3). The interaction
between time since harvest and direction of excavation
had a strong influence on the amount of fine (P<0.001)
and small roots (P=0.001) excavated, but had no effect
on the amount of medium (P=0.949) and large roots
(P=0.921) excavated. Only root necromass from the
western quadrants of stumps was higher than those from
quadrants in the other directions, for all diameter cate-
gories (Fig. 2a to d).
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——— Decay curve
o O  Totallquadrant
6 - —&@— Mean
o) & o

Root necromass (kg quadran

0 1 2 3 4
Time since harvest (years)

Fig. 1 a Single negative exponential decay curve for total root
necromass per trenched quadrant (open circles) and the mean
(with S.E. bars) of total root necromass excavated for each time

N and C concentration

The change in N concentrations depended on time since
harvest (P=<0.001) and the magnitude of this change was
influenced by root diameter category (P=<0.001) (Ta-
ble 4). However, pair-wise comparisons within each root
diameter category revealed that N concentrations only
differed significantly for some time points (Table 5).
There were significant fluctuations (increases and
decreases) in fine root C concentrations as decomposition
progressed, while no significant changes were observed
in the C concentrations of the other diameter categories
over time. The C concentration increased with diameter
category, with the concentration in fine roots (mean:

Table 1 Results (P-values) of three-way ANOVAs on the
effects of time since harvest (T), direction of excavation (DIR),
depth (DE) and their interactions on root necromass per quadrant
(50 cm by 50 cm) during the early stages of decomposition

S0

—4&— Fine roots
—&— Small roots
—@— Medium roots
—4— Large roots

0 2 25 3 3.5 4
Time since harvest (years)

point (filled circles); b change in necromass of decomposing
roots of fine, small, medium, and large roots excavated from
stumps (mean with S.E. bars)

45.15+0.706 %) significantly lower than in the other
diameter categories (mean: 47.74+0.685 %).

The C:N ratios differed between root diameter cate-
gories (Table 4) and generally increased (fine: 48.92 %,
small: 38.53 %, medium 11.71 %, large: 76.25 %) after
4 years of decomposition (Table 5). The pair-wise com-
parisons showed significant variations within each root
diameter category, over the decomposition period.

Root decomposition in buried mesh bags

For the root decomposition bag experiment, the mass
loss from fine and small roots significantly increased
with decomposition time, while the depth of burial had

(columns represent separate analyses for 4 root diameter catego-
ries, n=6 quadrants per time point and there were 6 time points
during the 4 years of study)

Source of Variation Fine roots Small roots Medium roots Large roots Total root mass
(<2 mm) (2-10 mm) (>10-50 mm) (>50 mm)
T <0.001 <0.001 0.002 0.002 <0.001
DIR 0.069 0.393 0.029 0.052 0.004
DE <0.001 0.001 <0.001 - <0.001
T x DIR 0.103 0.556 0.049 0.105 0.011
T x DE 0.003 0.060 0.004 - <0.001
DI x DE 0.326 0.690 0.128 - 0.014
T x DIR x DE 0.306 0.424 0.073 - 0.020
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Table 2 Regression coefficients for the single exponential decay curve (Eq. 1) and the bivariate model (Eq. 2) relating total root

necromass per quadrant to time since harvest and stump diameter

Exponential decay curve W, = W,exp T

Bivariate model W, = |a + b(dia) |exp{—(c+d(dia)T}

Coefficient Value S.E. R? P-value Coefficient Value S.E. R? P-value
W, 3.72 0.534 0.26 0.0014 a 2.35 2.508 0.62 <0.0001
k, 0.24 0.068 b 5.11 9.892

c 1.06 0.331

d —4.02 1.349

no effect. On the other hand, there was a significant
difference between the mass loss of medium roots
placed at depths A and B (P<0.001).

The respective mass losses from depths A and B were
28 and 29 % for fine roots, 18 and 22 % for small; 16 and
11 % for medium and 8 % for large roots (only at depth
A) after 27 months of decomposition (Fig. 3a to d). Data
from both depths were pooled for fine and small root
diameter categories and negative exponential decompo-
sition curves were fitted for each diameter category
(Fig. 4a to d). The decomposition models fitted fine root
data best, while the weakest fit was with medium root
data (at depth B). The ky,-values were 0.17+0.008, 0.11+
0.005, 0.08+0.006, 0.04+0.004 and 0.05+£0.004 year '
for the fine, small, medium at depth A, medium at depth
B and large roots, respectively.

Discussion
Belowground C necromass

Many studies have been conducted to determine the
amounts of C and nutrients returned to the soil as a

Table 3 Three-way ANOVA for the main and interaction
effects of the time since harvest (T), direction of excavation
(DIR) and diameter category (DC) on root necromass per
quadrant

Source of variation P-value
T <0.001
DIR 0.003
DC <0.001
T x DIR 0.005
T x DC <0.001
DIR x DC 0.010
T x DIR x DC 0.017

result of fine root turnover, with less attention paid to
coarse roots (Lin et al. 2010; Melin et al. 2009; Soethe
et al. 2007). The C and N pools of dead coarse roots
on the study site were estimated at 5.94 Mg C ha ' and
0.08 Mg N ha ! (calculated from necromass estimates
in Olajuyigbe et al. (2011) and C and N concentrations
in Table 5). The C pool falls within the range (2.9 to
34 Mg C ha ') estimated by Black et al. (2009) for a
chronosequence (9 to 45-years-old) of Sitka spruce
stands in Ireland. Coutts et al. (1999) reported that a
large proportion of resources in trees are allocated to
coarse roots which represent 80 % of the root systems
in 18-year-old Sitka spruce forests in Britain. On av-
erage, the fine, small, medium and large root diameter
categories contributed 4.52 %, 9.00 %, 22.08 % and
64.41 % respectively, to the total necromass per quad-
rant during this 4-year study. Coarse roots (i.e. all
except the fine root diameter category) represented
94 to 97 % of the total root necromass (based on
excavations from all time points). These coarse roots
represent significant pools of belowground C and N,
even during a first rotation of approximately 40 to
50 years.

Trenched plot excavations

The excavation of 50 cm by 50 cm quadrants for this
study was an attempt to capture a representative pro-
portion of roots within a small area around the stump.
Nieuwenhuis and Wills (2002) reported that the ma-
jority of the vertical and horizontal spread of roots
were within a 60 cm radius from the rootstock in 7
to 8-year-old Sitka spruce forests growing on mineral
gley soils in Ireland. They suggested that the majority
of root volume would still be concentrated within a
1 m radius from the root-stock as the trees matured and
these roots would form the structural (coarse) roots
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Fig. 2 a to d Profile plots of the least square means of the
interaction effects of time since harvest (T) and direction of exca-
vation on the necromass for each diameter category (each data point

corroborating earlier work by Coutts (1983). They
further observed that the root distribution patterns of

Table 4 Two-way ANOVA for the main and interaction effects
of time since harvest (T) and diameter category (DC) on the N
and C concentrations and on the C:N ratios of decomposing
roots

Source of Variation N (%) C (%) C:N ratio
T <0.001 <0.001 <0.001
DC <0.001 <0.001 <0.001
T x DC <0.001 0.006 0.044
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(b) Small roots
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represents a 50 cm by 50 cm quadrant); Inset: (a”) represents the
main effects of the direction of excavation (least square mean (with
S.E. bars), same letter indicate no significant difference at £<0.05)

Sitka spruce trees were symmetrical with a slight
variation due to the orientation of slopes within the
forest.

In this study only the root quantities excavated from
western oriented quadrants (wind ward side) were sig-
nificantly higher than those from other directions. This
was probably due to the predominance of wind from the
southwesterly direction of the study site. This agrees
with findings by other authors, that a larger mass of
roots is allocated on the windward side of shallow
rooted trees, to increase anchorage and strength (Coutts
etal. 1999; Nicoll and Ray 1996). The western quadrant
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Fig. 3 Percentage of mass remaining for roots in decomposition bags placed at depths A (0-10 cm) and B (10-20 cm) after 27 months
of decomposition (mean with S.E. bars), for a fine roots, b small roots, ¢ medium roots and d large roots (only buried at depth A)

Though the period of decomposition in this study
was short, the change in necromass per quadrant over
time (Fig. la and b) demonstrated the potential of using
the trenched plot technique for estimating the rate of
decomposition. Melin et al. (2009) suggested that the
direct measurement of root necromass using dry weights
of excavated samples from decomposing root systems
was a more accurate method than the use of combined
estimates of volume and bulk density. Trenched plots
are desirable because they do not require the removal or
treatment of roots prior to sampling, but the unknown
initial starting mass is the main problem with this tech-
nique. Manlay et al. (2004) stated that tethering roots or
trenching soil to allow roots to decompose in situ would
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lead to faster decomposition rates than those decompos-
ing in mesh bags. In a trenched plot experiment, con-
ducted in Puerto Rico (Silver and Vogt 1993), a high
decomposition rate-constant (k,=0.70+0.15) was
obtained for fine roots, which was similar to that of a
decomposition bag study (k,=0.72+0.12) conducted
simultaneously in the same forest and using the same
diameter class of roots (Bloomfield et al. 1993). In
contrast, the k, (0.24 year ') estimated for the trenched
experiment in the current study was higher than the
weighted mean k;, for mesh bags (0.07 year ' across
all diameter categories). The act of trenching, i.e. the
inclusion of severed live roots in the decomposing sub-
strate, fragmentation of the root substrate (especially
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fine roots), human error during root sampling and a high
natural variation in root distribution may further have
reduced the precision of this technique for estimating
decomposition rates and nutrient release from roots
(Silver et al. 2000; Silver and Vogt 1993). Another
potential treatment artifact that could limit the accuracy
of this technique is the presence or absence of ectomy-
corrhizal (EM) sheaths on decomposing roots in the
trenched plots. It has been suggested that the presence
of EM associations with roots slows down decomposi-
tion (Langley et al. 2006) and the finer the EM roots, the
slower the rate of decomposition (Aulen et al. 2011).
The trenching method, by excluding live roots and their

Time of decomposition (years)

for medium roots buried at depths A and B were plotted sepa-
rately because there was a significant difference between mass
loss from the two depths)

associated EM hyphae, may have resulted in an unreal-
istic decomposition environment, in which demand for
nutrients is reduced due to the lack of root uptake, and
the absence of extracellular enzymes (e.g. proteases)
released by EM fungi.

Despite its weaknesses, the trenched plot ap-
proach is a less intrusive method than using mesh
bags, as root systems are relatively undisturbed
and remain in their natural environment, without
the effects of root removal, oven-drying, reintro-
duction and re-acclimatization to the soil environment,
all of which result in changes to both the physical and
chemical characteristics of root samples used in
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decomposition bag experiments (Aulen et al. 2011).
Because of this it was felt that the trenched plot derived
decomposition rate-constant should have been more
accurate, despite the greater cost of excavation in terms
of effort and time. However, the results from this meth-
odology proved less reliable than those from the decom-
position bags, in that there was a higher variability
associated with the k, rate-constant.

A check was carried out to test whether mean stump
diameter was found to vary significantly between any of
the excavation times. This was not the case, so it was
concluded that there was no sampling bias introduced as
a result of the random choice of stumps sampled at each
time point. However, as the decomposition period was
short in this study, relationships based on stump diam-
eter largely reflect live-tree allometric relationships be-
tween stumps and roots (Tobin and Nieuwenhuis 2007),
as stump surfaces were observed not to have deteriorat-
ed over the 4 years of the study.

C:N ratio and decomposition

The nutrient concentrations of roots are strongly related
to their diameter (Vogt et al. 1991). In this study, N
concentrations were root diameter (i.e. function) depen-
dent with the highest levels in fine roots and the lowest
in large roots. Nambiar (1987) reported a similar rela-
tionship between nutrient concentration and root diam-
eter in Pinus radiata, while John et al. (2001) reported a
decrease in N and P concentrations in P. kesiya roots
with increasing diameter. The root diameter in this study
accounted for 78 % of the variation in N concentration
of the decomposing roots.

The N concentration decreased with time during the
study, with a 28 %, 43 %, 21 % and 38 % reduction after
4 years in fine, small, medium and large roots, respec-
tively. Chen et al. (2001) suggested three phases for N
dynamics in decomposing roots: a decrease in the early
stages, followed by an increase during the middle stages
(a phase in which N immobilization is tightly coupled
with the rate of microbial degradation (Benner et al.
1991)), and then a final extensive decline during the
final stages of decomposition. The findings in the cur-
rent study confirm the downward trend of N concentra-
tion during the early stages of decomposition, but the
period of study was too short to test the second and third
stages of this hypothesis. Some possible N loss path-
ways during the early stages of decomposition include
fragmentation, absorption by mycorrhizae, leaching,
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insect activity, and the growth of fungal sporocarps
(Harmon et al. 1994).

The mean C concentration of the roots in this study
was 47.24+0.609 % and was not significantly different
between the coarse root categories (small, medium and
large), but there was a significant difference between the
C concentration of coarse and fine roots. The mean C
concentration in fine roots varied with time since har-
vest, but without a distinct pattern, and this was not
observed in other diameter categories.

There was an increase in the C:N ratio of all root
diameter categories as decomposition proceeded, espe-
cially in the large root category. It has been suggested
that decomposition is faster at higher N concentrations,
and slower at higher C:N ratios (Goebel et al. 2011). For
instance, Mao et al. (2011) opined that a high N con-
centration and a low C:N ratio in poplar roots stimulated
microbial growth and hence root decomposition, where-
as pine roots with high C:N ratios had slow decompo-
sition, due to the high amounts of structural woody
materials, as well as low amounts of N available for
decomposer organisms. The change in C:N ratio further
supports the idea that the decomposition of organic
materials may be limited by the availability of macro-
nutrients, especially N, which is an important controller
of'the rate of decomposition (Ostertag and Hobbie 1999;
Silver and Miya 2001; Weedon et al. 2009).

The findings of an earlier study (Olajuyigbe et al.
2011) showed that the C:N ratio eventually decreases in
the later stages of decomposition due to N accumulation
in roots and that the ratio is a good indicator of the state
of decomposition. Furthermore, it highlighted an impor-
tant correlation between change in chemical (C:N ratio)
and physical (density) properties of roots as decompo-
sition progressed. However, the scope of this study was
too short to categorically demonstrate this point and link
it to loss in root density and prove this conclusion using
belowground material.

Mass loss from decomposition bags

The fraction of original mass remaining in the decom-
position bags showed that the smaller the root, the faster
the mass loss. Fine roots lost 29 % of their mass as
compared to an 8 % mass loss in large roots. The mass
loss from all root diameter categories (especially fine
roots) was very low when compared to results from
other studies (probably due to microclimatic conditions)
(Teklay 2007). For example, in subtropical wet forest
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ecosystems, Bloomfield et al. (1993) found 24 to 36 %
mass loss from fine roots of Dacryodes excelsa Vahl.
and Prestoea montana (R. Graham) Nichols. after six
months, while Berg et al. (1998) reported first year mass
losses ranging from 17 to 41 % for fine roots of three
species (P, abies, Pinus sylvestris and P. contorta) across
a climatic transect of coniferous forests in Northern
Europe.

On a global scale, the combination of substrate qual-
ity, climate and environmental factors have the strongest
influence on root decomposition (Silver and Miya
2001). In Ireland, high precipitation and low temper-
atures result in very wet, anaerobic soil conditions and
this greatly influences the leaching, fragmentation and
microbial colonisation of dead roots. These wet, cold
conditions slow down the metabolic activities of decom-
poser organisms, especially during winter. The findings
of a related study (Olajuyigbe et al. submitted) showed a
significant drop in the CO, respired from decomposing
logs resident on the same site during winter, when soil
temperature was low and soil moisture was high.

The increase in decomposition rates with decreas-
ing root diameter observed in the decomposition bag
data corroborates the findings of similar studies (Chen
et al. 2000; Silver and Miya 2001). The higher surface:
volume ratios and the chemical composition of finer
roots favour their exposure to macro- and microorgan-
isms (Manlay et al. 2002). Some investigators have
suggested that reduced mass loss from larger diameter
roots in decomposition bags may be due to slower
leaching rates of water-soluble compounds (Fahey
and Arthur 1994), a longer time required for fungal
hyphae penetration (Berg 1984), or higher proportions
of resistant organic substances and structural mass
(Fitter 1985). Large-diameter roots in decomposition
bags are less susceptible to herbivory, mechanical
damage and desiccation, compared to fine roots, and
this is consistent with the general observation that root
longevity increases with root diameter.

The roots were buried at two depths, but this had no
significant influence on the decomposition rates, except
for medium roots, resulting in two decomposition rate-
constants for this category. The absence of a significant
effect in the other diameter categories suggest that
results are inconclusive regarding this effect and a fur-
ther study would be required, perhaps involving roots
buried at deeper depths than investigated here, though
the depths investigated in this study were representative
of this forest type.

Conclusion

Obtaining accurate estimates of belowground decompo-
sition is constrained by the need to disturb the root
system at some stage during sampling and this study
was motivated by the idea that given the attendant
uncertainty created by this disturbance, different poten-
tial approaches warranted investigation. The buried
decomposition bag method resulted in a lower decom-
position rate-constant (0.07£0.005 year ') and might
be preferable to the trenched plot approach (0.24+
0.068 year ') in terms of reliability. The estimated
rate-constant obtained via the trench plot method was
very high, when compared to rate-constants of other
studies (Silver and Miya 2001). The large difference
between decomposition rate-constants resulting from
the two methods may be partly due to an inability to
determine the initial mass of the roots in the trenched
plots, an altered rhizosphere environment and EM pres-
ence as well as sampling error. On the other hand, the
altered state of the root samples used in the decomposi-
tion bag experiment, the barrier created by the mesh
bags, as well as the disruption of the rhizosphere into
which they were introduced, changed the natural phe-
nology of root death and decomposition and may have
slowed the initial decomposition rate-constant. Hence,
the methodology adopted will significantly influence
the decomposition rate-constant obtained.
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