
Decomposition Patterns of Foliar
Litter and Deadwood in Managed
and Unmanaged Stands: A 13-Year
Experiment in Boreal Mixedwoods

Manuella Strukelj,1* Suzanne Brais,2 Marc J. Mazerolle,2,3 David Paré,4 and
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G1V 0A6, Canada; 4Service canadien des Forêts, Centre de foresterie des Laurentides, Ressources Naturelles Canada, 1055 rue du
P.E.P.S., C.P. 10380, Sainte-Foy, Québec, Québec G1V 4C7, Canada

ABSTRACT

Litter decomposition is a major driver of carbon (C)

and nitrogen (N) cycles in forest ecosystems and has

major implications for C sequestration and nutrient

availability. However, empirical information regard-

ing long-term decomposition rates of foliage and wood

remains rare. In this study, we assessed long-term C

and N dynamics (12–13 years) during decomposition

of foliage and wood for three boreal tree species, under

a range of harvesting intensities and slash treatments.

We used model selection based on the second-order

Akaike’s Information Criterion to determine which

decomposition model had the most support. The

double-exponential model provided a good fit to C

mass loss for foliage of trembling aspen, white spruce,

and balsam fir, as well as aspen wood. These litters

underwent a rapid initial phase of leaching and min-

eralisation, followed by a slow decomposition. In con-

trast, for spruce and fir wood, the single-exponential

model had the most support. The long-term average

decay rate of wood was faster than that of foliage for

aspen, but not of conifers. However, we found no

evidence that fir and spruce wood decomposed at

slower rates than the recalcitrant fraction of their foli-

age. The critical C:N ratios, at which net N minerali-

sation began, were higher for wood than for foliage.

Long-term decay rates following clear-cutting were

either similar or faster than those observed in control

stands, depending on litter material, tree species, and

slash treatment. The critical C:N ratios were reached

later and decreased for all conifer litters following stem-

only clear-cutting, indicating increased N retention in

harvested sites with high slash loads. Partial harvesting

had weak effects on C and N dynamics of decaying

litters. A comprehensive understanding of the long-

term patterns and controls of C and N dynamics fol-

lowing forest disturbance would improve our ability to

forecast the implications of forest harvesting for C

sequestration and nutrient availability.
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INTRODUCTION

Plant litter decomposition is a major driver of car-

bon (C) and nitrogen (N) in forest ecosystems and

contributes to atmospheric CO2 emissions, soil C

sequestration, and plant nutrition (Prescott 2010).

For more than 50 years, the use of the litterbag

technique has contributed to our understanding of

factors controlling litter decomposition (Wieder

and Lang 1982; Prescott 2010). Experiments have

mainly been conducted on foliar litter, over short

periods ( £ 6 years) and within natural stands

(Fioretto and others 2005; Moore and others 2006;

Strukelj and others 2012). Wood decomposition

studies, on the other hand, are often based on log

chronosequences over longer periods (Harmon and

others 1986; Brais and others 2006; Fukasawa and

others 2009; Angers and others 2012). Given the

different approaches and time periods underlying

the study of foliage and wood decomposition, few

experiments have systematically compared these

two types of decomposition under similar condi-

tions (Trofymow and others 1995).

Because of its physical structure, its low nutrient

content, and its high lignin content (Laiho and

Prescott 2004; Cornwell and others 2009; Cor-

nelissen and others 2012), wood is assumed to

decompose at rates slower than those of foliar lit-

ters (Prescott 2010). However, recent evidence

suggests that lignin is less resistant to decomposi-

tion than previously hypothesised (Thevenot and

others 2010). Additionally, alkyl C compounds,

from litter constituents or from microbial products,

could be the main precursors of stable organic

matter (Von Lützow and others 2006; Lorenz and

others 2007; Cotrufo and others 2013). Fresh foli-

age is richer in alkyl C compounds than fresh wood

(Strukelj and others 2012, 2013), and its decom-

position yields more microbial products due to its

higher initial labile constituents (Trofymow and

others 1995; Cotrufo and others 2013). Hence, fo-

liage could generate more stable compounds with

decomposition than wood, resulting in a slower

long-term decay rate.

Decomposition models generally employ a single

negative exponential equation (Olson 1963) to as-

sess the initial decay rates. However, this model

does not perform well once organic matter sta-

bilises in more advanced decomposition states

(Brais and others 2006; Harmon and others 2009).

Asymptotic and double-exponential models are

recommended alternatives (Wieder and Lang 1982;

Harmon and others 2009). They assume an initial

decomposition phase, that is, dominated by the

decay of labile components, and a stable phase, that

is, characterised by a null (asymptotic model) or

slow (double-exponential model) decay rate.

Compared to the single-exponential equation,

these models could better reflect differing long-

term patterns of decay for both foliar litter and

wood (Berg 2000; Manzoni and others 2012; Rajala

and others 2012).

In response to the unbalanced supply of C and N

provided by fresh litter, saprotrophic fungi main-

tain their biomass stoichiometry by regulating their

element use efficiency or by mycelial translocation

of external N (Mooshammer and others 2014).

These mechanisms increase litter N concentrations

and decrease C:N ratios as decomposition pro-

gresses. Eventually, available C becomes more

limiting than N to the growth of saprotrophic

organisms (Boddy and Watkinson 1995; Hart 1999)

and a critical C:N ratio is reached as net N miner-

alisation begins and litter N content starts declining

(Manzoni and others 2008). The C:N ratio of litter

seems to stabilise at some point during decompo-

sition, depending upon the initial litter quality and

N availability in the forest floor and mineral soil

(Hart and Firestone 1991; Moore and others 2011;

Strukelj and others 2013). Critical and stabilised

C:N ratios have been shown to increase with

increasing initial litter C:N ratios and with

increasing forest floor C:N ratios (Parton and others

2007; Moore and others 2011; Ågren and others

2013). Again, these results stem from undisturbed

stands where litter inputs and forest floor envi-

ronmental conditions were relatively constant.

Forest harvesting may affect microclimate (Barg

and Edmonds 1999), litter composition and pro-

duction (Strukelj and others 2015), soil nutrient

dynamics (Hope and others 2003), and decomposer

organisms (Seastedt and Crossley 1981; Kebli and

others 2012). These factors have been shown to

influence C and N dynamics of decaying litters

(Prescott 2010; Moore and others 2011; Mäkiranta

and others 2012; Rajala and others 2012). Yet, the

effects of harvesting on decay rates remain uncer-

tain, as previous studies have reported faster (Hope

and others 2003; Finér and others 2016), slower

(Yin and others 1989; Prescott and others 2000), or

similar (Prescott and others 2000; Hope and others

2003) decay rates following harvesting. Lower

critical C:N ratio has been found after clear-cutting

(Berg and Ekbohm 1983) and could be associated

with higher N availability in soil (Hope and others

2003) or lower C use efficiency of decomposers

(Mooshammer and others 2014). These studies

have mainly been conducted on foliage; hence,

there is currently little information on the impacts
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of harvesting on wood decomposition (for example,

Finér and others 2016).

The Sylviculture et Aménagement Forestier

Écosystémiques (SAFE) project is a series of fully

replicated silvicultural experiments initiated in

1998 in the boreal mixedwoods of Canada (Brais

and others 2004). Treatments include control

stands, clear-cuts, as well as a range of partial

harvesting prescriptions. So far, the effects of har-

vesting on the initial environmental conditions and

vegetation dynamics (Brais and others 2004, 2013),

9-year changes in stand C pools (Strukelj and

others 2015), and wood fungal communities (Kebli

and others 2012, 2014) have been documented. In

the present study, we monitored changes in C and

N content of foliar litter and wood of three boreal

species over a period spanning 12–13 years and

under a range of harvesting prescriptions. The ini-

tial (6 years) decay rates and changes in chemical

composition of decaying litters have been previ-

ously reported by Strukelj and others (2012, 2015).

To our knowledge, this is the first long-term

study simultaneously assessing the long-term

decaying patterns of foliage and wood under dif-

ferent harvesting treatments. We hypothesised

that: (H1) a double-exponential model would bet-

ter reflect the decrease in C content during the

successive phases of decomposition of foliar litter

and wood; (H2) long-term (12–13 years) decay

rates, and critical and stabilised C:N ratios would be

higher for wood than for foliar litter; (H3) com-

pared to natural stands, long-term decay rates, and

critical and stabilised C:N ratios would decrease

following clear-cutting (Berg and Ekbohm 1983;

Strukelj and others 2015); and (H4) decomposition

of foliar litter and wood would not be affected by

partial harvesting, as little change in microclimatic

conditions and in fungal communities was ob-

served after these treatments (Brais and others

2004; Kebli and others 2012).

MATERIALS AND METHODS

Study Area

The study was located in the Lake Duparquet Re-

search and Teaching Forest (48�86¢N–48�32¢N,

79�19¢W–79�30¢W), which lies within the Abitibi

region of northern Quebec, 45 km northwest of

Rouyn–Noranda. Regional climate is continental

with a mean annual air temperature of 1�C, and

mean temperatures in the warmest and coldest

months of 16.7�C (July) and -17.9�C (January),

respectively. Annual precipitation is 985 mm, of

which 663 mm falls as rain from April to November

and the rest as snow (Environment Canada 2015).

The region is located in the mixedwood sector of

the boreal forest (Bergeron and others 2004),

within the balsam fir (Abies balsamea [L.]

Mill.)—paper birch (Betula papyrifera Marsh.) bio-

climatic domain (Saucier and others 1998). Soils

were formed in deep fine clayey to fine loamy-

textured glacio-lacustrine deposits that were

formed through sedimentation at the bottom of

glacial Lake Barlow–Ojibway under fresh to moist

moisture regimes (Brais and Camiré 1992). Soils

are classified as Grey Luvisols (Soil Classification

Working Group 1998; Boralfs, USDA classification

system) and are characterised by a 5–15 cm MOR

humus form with thin L and H horizons and a

thicker F horizon.

Experimental Design

The SAFE project is set in three stand types, namely

ASPEN, MIXED, and OLD (Table 1). In the ASPEN

stand type (Table 1; also see Brais and others 2004;

Belleau and others 2006), six treatments were ap-

plied in the winter of 1998–1999, including an

unharvested control, three clear-cut, and two par-

tial cut treatments. In the first partial cut (‘‘1/3

PC’’) and the second partial cut (‘‘2/3 PC’’), har-

vesting of stems greater than 9 cm diameter at

breast height (dbh, 1.3 m) removed, respectively,

31 and 62% of basal area compared to controls,

according to a dispersed and regular pattern (Brais

and others 2004). In clear-cut stands, one of the

three following treatments was applied: a slash

treatment consisting of a stem-only harvesting

treatment with stems being delimbed on site, with

no additional slash manipulation (‘‘CC-SOH’’), a

whole-tree harvesting treatment, where debris

with diameters between 3 and 7 cm were removed

(‘‘CC-WTH’’), and a slash–burn treatment, which

was applied in August 1999 (‘‘CC-SB’’; for infor-

mation on burn conditions and slash consumption,

see Belleau and others 2006).

In the MIXED stand type (Table 1; also see Brais

and others 2013), treatments were established in

the winter of 2000–2001 and included a control, a

clear-cut (stem-only harvesting, ‘‘CC-SOH’’), and

two partial cuts. In both partial cut treatments,

about 40% of the total basal area (stems > 9 cm

dbh) was removed. The dispersed partial cut treat-

ment (‘‘PC-D’’) created a regular harvesting pat-

tern, similar to those of partial cuts conducted in

the ASPEN stand type. In the gap partial cut

treatment (‘‘PC-G’’), all trees were removed along

harvesting trails and in gaps (400 m2), resulting in

light conditions and forest regeneration patterns

70 M. Strukelj and others



closer to those observed in clear-cuts than in dis-

persed harvesting (Beaudet and others 2011; Brais

and others 2013).

The OLD stand type (Table 1) was affected by the

1970–1987 outbreak of spruce budworm (Choris-

toneura fumiferana; Morin and others 1993). Two

intensities of harvesting were applied in the winter

of 1999–2000, a control and a clear-cut treatment

(stem-only harvesting, ‘‘CC-SOH’’).

A randomised complete block design with three

replicates per treatment was applied in all stand

types. Experimental units (EU) ranged from 1 to

3 ha in area. There were 18 EU (3 9 6 treatments)

in the ASPEN stand type, 12 EU (3 9 4 treatments)

in the MIXED stand type, and 6 EU (3 9 2 treat-

ments) in the OLD stand type. Within each

experimental unit, five permanent sampling plots

(400 m2) were evenly distributed over each EU at

the onset of the study.

Litterbag Decomposition Experiment

Foliar and wood litters from one of the common

species in each stand type (see Table 1) were cho-

sen to prepare litterbags (ca. 10 9 8 cm, 1-mm

mesh size). Freshly fallen foliage of trembling aspen

(Populus tremuloides Michx.) was collected in the

autumn. Foliage of balsam fir and white spruce

(Picea glauca [Moench] Voss) represents a small

fraction of litterfall in these stands, and fresh foliage

from all needle age classes was sampled directly

from trees. Wood blocks approximately

5 9 5 9 10 cm of each species were cut from dry

dimensional lumber from a local mill (for more

details on litter collection and the initial litter

characterisation, see Strukelj and others 2012).

Five litterbags containing about 8 g foliage and five

containing about 114 g wood blocks were posi-

tioned in each permanent sampling plot and left

in situ to decompose. Of a total of 1800 litterbags

that had been placed in the field, 1748 litterbags

were retrieved 1–13 years after the start of each

experiment (Table 1).

Following collection of litterbags, material from

individual litterbags was oven-dried at 65�C to

constant mass (‡48 h) and weighed. A composite

sample was obtained by combining the material of

the five litterbags collected in each EU, for each

litter type and collection date. The resulting 360

samples (36 EU 9 2 litter types 9 5 collection

dates) were analysed by high-temperature dry

combustion to determine C and N concentrations

(TruMac CNS analyser, LECO Corporation, St. Jo-

seph, MI, USA). The C (or N) mass of each

decomposition litterbag was estimated from its
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dried mass and C (or N) concentration of the

composite sample at the time of sampling. Residual

C (or N) content in litterbags is the proportion of

the initial C (Ci; or initial N, Ni) mass that remains

at the time of sampling, and was expressed in

g C g Ci
-1 (or g N g Ni

-1).

Decomposition Models

Four different and plausible decomposition models

were applied to litterbag residual C content as a

function of time of incubation. We constrained the

initial proportion of residual C mass to 1. The first

equation (one parameter) is the ‘‘single negative

exponential’’ model (Olson 1963), with a constant

relative decay rate (Wieder and Lang 1982). This

model assumes an initially uniform pool of C,

which progressively increases in recalcitrance with

decomposition, while the remaining mass fraction

tends towards 0.

Pt ¼ exp �kEtð Þ; ð1Þ

where Pt (g C g Ci
-1) is the residual C content

(0 < Pt < 1) at time t (years) and kE (year-1) is the

decay rate.

The second equation (two parameters), an

‘‘asymptotic’’ model (Wieder and Lang 1982), seeks

to better account for the large decline in decay rates

that was found in long-term decomposition trials,

when litters enter a slow phase of decay (Berg

2000). This model implies that a recalcitrant frac-

tion of the material will undergo very little

decomposition over time.

Pt ¼ D exp �kDtð Þ þ A; ð2Þ

where D (g C g Ci
-1) is the maximum decomposi-

tion limit corresponding to the initial proportion

(0 < D < 1) of the material subject to loss at a

decay rate kD (year-1) and A (g C g Ci
-1) is the

asymptote (0 < A < 1). The sum of D and A is 1 g

C g Ci
-1.

The third equation (three parameters) is a dou-

ble-exponential model, which recognises two con-

trasting fractions within decaying litters, a labile

fast decomposing one and a more recalcitrant

slowly decomposing fraction. The two fractions

undergo decomposition simultaneously (‘‘double-

exponential—simultaneous’’; Wieder and Lang

1982; Harmon and others 2009; Manzoni and

others 2012). Hence, different decay rates are ap-

plied to the relative proportion of these fractions.

Pt ¼ L exp �kLtð Þ þ R exp �kRtð Þ; ð3Þ

where L (g C g Ci
-1) is the initial labile fraction

(0 < L < 1), with fast decay rate kL (year-1), and

R (g C g Ci
-1) is the initial recalcitrant fraction

(0 < R < 1), with a slow decay rate kR (year-1).

The sum of L and R is 1 g C g Ci
-1.

The fourth equation (three parameters) is also a

double-exponential model, but assumes the initial

fresh litter mineralises first and gives rise to a more

stable fraction (Manzoni and others 2012). The two

decomposing fractions are assumed to decompose

successively or in series (‘‘double-exponen-

tial—successive’’).

Pt ¼ exp �kFtð Þ þ S 1 � exp �kFtð Þ
� �

� exp �kStð Þ;
ð4Þ

where kF (year-1) is the decay rateof fresh litter, [1 -

exp(-kFt)] is the decayed material, and S (g C g Ci
-1)

is the fraction of the decaying material (0 < S < 1)

that forms stable material decomposing at a decay rate

kS (year-1).

We can note that the single-exponential model

can be considered a special case of the three other

models, in which the fractions A (model 2), L (or R,

model 3), or S (model 4) would be undetectable.

Statistical Analyses

We used linear and nonlinear mixed models to

analyse changes in residual C and N contents with

decomposition (see below). As C and N dynamics

could differ among litter types (Harmon and others

2009; Moore and others 2011), all analyses were

conducted separately for the six litter types using

the nlme package of R (a = 0.05; Pinheiro and Bates

2000; R Development Core Team 2015). In all

models, experimental block was included as a

random factor. Nesting of sampling plots (five lit-

terbags) within each EU and nesting of EU (har-

vesting treatments) within each experimental block

were removed from the random effects, because

the variance associated with these factors was

generally negligible. Fixed factors differed between

models of C and N dynamics and are presented in

detail below.

Decomposition Models of Foliar Litters and Wood (Hy-

potheses H1, and H2)

To analyse changes in residual C content, the

parameters of the four aforementioned decompo-

sition models were estimated by nonlinear mixed-

effects models using the nlme function (Pinheiro

and Bates 2000). Harvesting treatment was in-

cluded as a fixed factor in all models to estimate

parameters simultaneously for control and har-

vested stands. To limit the number of estimated

parameters and facilitate convergence of the mod-
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els (3) and (4), we tested the effect of harvesting

and the random factor on only two parameters

[that is, kL and kR in model (3), and kF and kS in

model (4)]. Therefore, we assumed that, for each

litter type, the initial L (and S) fractions were

similar in all harvesting treatments and all experi-

mental blocks. For aspen foliage, we nevertheless

included a random effect for the L (and S) fractions

to consider the higher C mass loss in the second

block of replication compared to the others (L

estimate for the second block was double that of

the others; see Figure 1; Table 3). For both conif-

erous woods (see Table 2), two of the models did

not allow the convergence criteria of the iterative

procedure to be reached or led to a solution hin-

dering interpretation (that is, parameter <0 or

Figure 1. Residual

carbon (C) content of

decaying foliage and

wood of trembling aspen,

white spruce, and balsam

fir as a function of time of

decomposition and

harvesting treatment.

Curves correspond to

predictions based on the

best supported nonlinear

mixed models (see

Tables 2, 3). For

explanations of

harvesting treatments, see

the note in Table 1.

Random effect: first

(square), second (circle),

and third (triangle) blocks

of replication.
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inversion of kL and kR, or of kF and kS, between

treatments).

We conducted model selection based on the

second-order Akaike’s Information Criterion

(AICc) to determine which model, within the set of

a priori statistical models, had the most support

(Burnham and Anderson 2002). Models were

ranked according to their respective AICc values,

with the lowest value corresponding to the model

that was best supported by the data. Comparison

among models was based on delta AICc (Di, that is,

difference in AICc relative to the top model) and

Akaike weights (wi, that is, probability that the

model is the best among candidate models) that

were implemented in the AICcmodavg package

(Mazerolle 2015). We used the model with the

greatest wi to interpret the decomposition param-

eters and to estimate long-term decay rates.

Long-Term Decay Rates (Hypotheses H2, H3, and H4)

Direct comparison of decay rates among litter types

and harvesting treatments was problematic because

the selected decomposition models had different

numbers of parameters. As suggested by Harmon

and others (2009), a long-term (12–13 years)

integrated average decay rate constant was calcu-

lated according to the following formula:

kLT ¼ 1=Mcs; ð5Þ

where kLT corresponds to the long-term decay rate

and Mcs to the estimated residual C mass of litter

under steady-state conditions. Mcs was calculated

over a period of 100 years in all stand types by

assuming constant annual C inputs of litter of 1

unit and C outputs that were estimated based on

the most probable decomposition model. Confi-

dence intervals (95%) of the long-term decay rates

Table 2. Foliage and Wood Decomposition Models Ranked According to Their Respective AICc and Di

Model n K AICc Di wi rres

Aspen foliage

Double-exponential—simultaneous 433 20 -729.9 0.0 1 0.097

Double-exponential—successive 433 20 -630.7 99.1 0 0.110

Asymptotic 433 16 -572.4 157.5 0 0.119

Single negative exponential 433 8 -459.8 270.1 0 0.138

Spruce foliage

Double-exponential—successive 294 13 -652.6 0.0 0.52 0.076

Double-exponential—simultaneous 294 13 -652.4 0.2 0.48 0.076

Asymptotic 294 12 -643.2 9.4 0 0.078

Single negative exponential 294 6 -523.7 128.9 0 0.097

Fir foliage

Double-exponential—successive 145 9 -377.4 0.0 0.52 0.062

Double-exponential—simultaneous 145 9 -377.2 0.2 0.48 0.062

Asymptotic 145 8 -366.5 10.9 0 0.064

Single negative exponential 145 4 -255.4 121.9 0 0.097

Aspen wood

Double-exponential—simultaneous 435 17 -762.9 0.0 0.87 0.096

Double-exponential—successive 435 17 -759.1 3.8 0.13 0.097

Asymptotic 435 16 -697.6 65.3 0 0.104

Single negative exponential 435 8 -615.7 147.2 0 0.117

Spruce wood

Single negative exponential 295 6 -273.2 0.0 0.82 0.149

Asymptotic 295 12 -270.1 3.1 0.18 0.146

Double-exponential—successive1

Double-exponential—simultaneous1

Fir wood

Single negative exponential 146 4 -106.1 0.0 0.99 0.162

Double-exponential—successive 146 9 -97.1 9.0 0.01 0.162

Double-exponential—simultaneous1

Asymptotic1

n = number of samples; K = number of estimated parameters; Di = difference between AICc of each model and AICc of the top-ranking model; wi = Akaike weight;
rres = residual standard deviation. The most parsimonious model has the smallest Di and largest wi.
1 Decomposition models removed from the selection in spruce and in fir wood (see ‘‘Materials and Methods’’ section).
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were estimated using a Monte Carlo approach

consisting of 5000 iterations. At each iteration, we

simulated a new data set from a normal distribution

(rnorm function) with a mean equal to the fitted

values of the best supported model and standard

deviation equal to the residual standard deviation

of the model. Using this data set, we ran a model

that was identical to the best supported model. We

obtained new estimates of parameters, from which

we calculated a new estimate of kLT. Calculations of

confidence intervals were based on the 2000 first

models that converged, after having removed

models yielding nonsensical values (that is,

parameter <0, or inversion of kL and kR, or of kF

and kS). To help readers interpret differences in

means, we provided a z-test as supplementary

information.

Critical and Stabilised C:N Ratios (Hypotheses H2, H3,

and H4)

Critical C:N ratios were assessed by analysing

changes in residual N content as a function of

residual C content (Moore and others 2006), using

linear mixed models (lme function, Pinheiro and

Bates 2000). We included the squared value of

residual C content as an explanatory variable to

estimate the quadratic relationship between resid-

ual N content and residual C content (Moore and

others 2006). Effects of harvesting, and their

interactions with residual C content and its squared

value were also included as fixed factors, but

interactions were removed when their p values

were >0.10. Normality and homogeneity of vari-

ance were verified by visual assessment of residu-

als. When patterns of residuals deviated from the

expected pattern consistent with a normal distri-

bution, we applied square root transformations to

the response variables or added variance stabilising

functions with the weights argument, which allows

the variance to differ between groups (Pinheiro and

Bates 2000). Confidence intervals of critical C:N

ratios were estimated by Monte Carlo simulations,

with 2000 iterations. The approach was similar to

that used in the previous section. Finally, the sta-

bilised C:N ratio (sCN) of decayed litters was as-

sessed with an asymptotic function:

CNt ¼ y exp �ztð Þ þ sCN; ð6Þ

where the parameters y, z, and sCN were estimated

by the nlme function in a manner similar to the

method that was used for decomposition models.

The asymptote, sCN, was the only parameter rep-

resented in Figure 4B.

RESULTS

Decomposition Models of Foliar Litter
and Wood

Despite their higher numbers of estimated parame-

ters (K, Table 2), double-exponential Eqs. (3) and

(4) were the most plausible models for foliage

decomposition of all species and for aspen wood, as

indicated by their lower AICc and higher wi. Given

their very low wi, single-exponential models were

very unlikely fits for these four litter types. For as-

pen, evidence ratios (Burnham and Anderson 2002)

between the double-exponential simultaneous

model and the double-exponential successive model

were 1/2.96 9 10-22 = 3.4 9 1021 in foliage and

0.87/0.13 = 6.69 in wood (see Table 2). This indi-

cates that the simultaneous model had 3.4 9 1021

and 6.69 times more support than the successive

model in aspen foliage and wood, respectively. For

fir and spruce foliage, the double-exponential suc-

cessive model attained support (wi) comparable to

the double-exponential simultaneous model.

The labile fraction of foliage, which corresponded

to the L value in Eq. (3), was 0.57, 0.51, and 0.71 g

C g Ci
-1 for aspen, for spruce, and for fir, respec-

tively (Table 3; Figure 1). The decay rates of the

labile fractions of foliage ranged from 0.61 to

0.84 year-1 in control stands, that is, these labile

fractions became a minor fraction of residual C

content (<1%) and had almost disappeared within

6.2–8.8 years. Decay rates of the corresponding

recalcitrant fractions ranged from 0.067 to

0.076 year-1. For aspen wood, the labile fraction

amounts to 0.27 g C g Ci
-1 and decomposed in less

than 4 years at a decay rate of 1.13 year-1 in

control stands, whereas the recalcitrant fraction

had a decay rate of 0.14 year-1. For spruce and fir

foliage, the double-exponential successive model

yielded respective decay rates of 0.71 and

0.80 year-1 for fresh litter in control stands, while

0.51 and 0.30 g C g Ci
-1 of this decaying material

became more stable, decomposing at 0.079 and

0.076 year-1, respectively (Table 3; Figure 1).

For coniferous wood decomposition, variability

was higher than for the other litter types (Fig-

ure 1), and two of the four models did not con-

verge with biologically interpretable values

(Table 2). The best of the two remaining models for

spruce and fir wood was the single-exponential

model, as indicated by the lower AICc and

wi ‡ 0.82. The model implies a single decomposing

fraction with a decomposition rate of 0.094 year-1

in balsam fir wood and 0.138 year-1 in white

spruce wood.

Decomposition Patterns of Foliar Litter and Deadwood 75



Based on estimates and their 95% confidence

intervals (95% CI) obtained from the most plausible

model for each litter type (Table 3), we found that

the size of the labile fraction was higher in foliage

(0.51–0.71 g C g Ci
-1) than in wood (0.28 g C g Ci

-1

in aspen, and undetected according to the single-

exponential model in spruce and fir). The 95% CI of

the decomposition rates of the labile fraction of as-

pen wood and foliage slightly overlapped, suggesting

weak differences between them (Table 3). The

decomposition rate of the recalcitrant fraction of

aspen wood (0.138 year-1, 95% CI [0.114–0.162])

was higher than that of aspen foliage (0.067 year-1,

95% CI [0.049–0.084], Table 3). Similarly, the

decomposition rate of the single spruce wood frac-

tion (0.138 year-1, 95% CI [0.121; 0.154]) was

higher than that of the recalcitrant fraction of its

foliage (0.076 year-1; 95% CI [0.047; 0.105], Ta-

ble 3). For fir, the decay rate of the single decom-

posing fraction of wood (0.094 year-1, 95% CI

[0.077; 0.111]) and the decay rate of the recalcitrant

fraction of foliage (0.075 year-1, 95% CI [0.040;

0.110]) did not differ.

Average Long-Term Decay Rates

When considering only control stands, the long-

term average decay rate (kLT) of foliage was faster

for fir than for either aspen (z = 2.21, p = 0.03) or

spruce (z = 2.39, p = 0.02; Figure 2). In contrast,

balsam fir wood had the slowest kLT, while aspen

wood had the fastest. Long-term decay rates were

similar for spruce foliage and wood, whereas they

were marginally significantly slower in aspen foli-

age than in wood (z = 1.92, p = 0.06) and faster for

fir foliage than for wood (z = 4.77, p < 0.01).

Consistent with long-term decay rates, residual C

content after 12–13 years of decomposition aver-

aged 0.22, 0.22, and 0.11 g C g Ci
-1 in foliage and

0.14, 0.19, 0.27 g C g Ci
-1 in wood of aspen,

spruce, and fir, respectively (Figure 1).

Following clear-cutting, the long-term decay

rates of aspen foliage increased under the CC-WTH

(z = 2.54, p = 0.01) and CC-SB (z = 3.99,

p < 0.01) treatments (Figures 1, 2). However, the

long-term decay rates did not differ between the

control and CC-SOH treatments in foliage of aspen

(z = 0.52, p = 0.60), spruce (z = 0.52, p = 0.60),

and fir (z = 1.29, p = 0.20), despite slower decay

rates of the labile fraction in several cases (Table 5

in Online Appendix). Clear-cut harvesting in-

creased the long-term decay rate of fir wood

(z = 2.76, p < 0.01), but had no effect on aspen

and spruce wood decomposition (Figures 1, 2).

A marginally significant faster long-term decay

rate of spruce foliage was observed following the

PC-D treatment (z = 1.85, p = 0.06). But partial

harvesting had no effect on decay rates of

aspen foliage, and aspen and spruce wood

(Figures 1, 2).

Table 3. Estimates of the Parameters of the Four Litter Types for which the Best Supported Models Were
Double-Exponential Models, in Control Stands

Litter type Labile fraction

(L, g C g Ci
-1)

Decay rate of the labile

fraction (kL, year
-1)

Decay rate of the recalci-

trant fraction (kR, year
-1)

E 95% CI E 95% CI E 95% CI

Double-exponential model—simultaneous

Aspen foliage 0.5691 [0.318; 0.820] 0.844 [0.525; 1.163] 0.067 [0.049; 0.084]

Spruce foliage 0.511 [0.378; 0.644] 0.606 [0.385; 0.827] 0.076 [0.047; 0.105]

Fir foliage 0.707 [0.621; 0.793] 0.765 [0.608; 0.922] 0.075 [0.040; 0.110]

Aspen wood 0.274 [0.213; 0.335] 1.126 [0.479; 1.773] 0.138 [0.114; 0.162]

Stabilising fraction (S, g

C g Ci
-1)

Decay rate of the fresh

fraction (kF, year
-1)

Decay rate of the

stable fraction (kS, year
-1)

E 95% CI E 95% CI E 95% CI

Double-exponential model—successive

Spruce foliage 0.507 [0.376; 0.638] 0.709 [0.421; 0.997] 0.079 [0.050; 0.108]

Fir foliage 0.297 [0.209; 0.385] 0.802 [0.624; 0.980] 0.076 [0.041; 0.111]

Parameter estimates (E) of the model and their 95% confidence intervals (95% CI) are indicated.
1 A random effect was considered for the L fraction of aspen foliage (see ‘‘Materials and Methods’’ section); the L fraction was estimated to be 0.432, 0.872, and 0.402 in the
first, second, and third blocks of replication, respectively (see Figure 1).
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Critical and Stabilised C:N Ratios

Successive increase and decrease in residual N

content with decreasing residual C content (as a

measure of decay state) were observed in the six

litter types (Figure 3; Table 6 in Online Appendix).

Foliage residual N content increased to a maximum

of 1.1–1.3 times the initial values. These maxima

were reached following 0.6–2.0 years of decompo-

sition. Residual N content of decaying wood in-

creased by factors of 2.0–2.7, and these maxima

were reached following 3.2–4.5 years of decompo-

sition (Figure 3; Table 7 in Online Appendix). At

maximum residual N content, the residual C con-

tent ranged from 0.57 to 0.71 g C g Ci
-1 (decom-

posed fraction of the initial C of 29–43%) for foliage

and from 0.44 to 0.66 g C g Ci
-1 in wood (decom-

posed fraction of the initial C of 34–46%). The

critical C:N ratio ranged from 28 to 30 for foliage

and from 130 to 275 for wood (Figure 4A),

whereas stabilised C:N ratios ranged from 16 to 23

for foliage and from 14 to 83 for wood (Figure 4B).

The observed C:N ratios in control stands at the end

of the experiment ranged from 20.0 to 22.8 for

foliar litters and from 46.4 to 95.6 for wood blocks

(Table 8 in Online Appendix).

The critical C:N ratio decreased under the CC-

SOH treatment in foliage of spruce (z = 3.14,

p < 0.01) and fir (z = 8.06, p < 0.01; Figure 4A).

The decrease was marginally significant in wood of

spruce (z = 1.67, p = 0.10) and fir (z = 1.64,

p = 0.10). The critical C:N ratio of aspen foliage and

wood did not differ between the control and the

treatments of clear-cutting (CC-SOH, CC-WTH,

and CC-SB). The critical C:N ratio was generally

reached after a longer time of decomposition under

the clear-cutting treatments, compared to the

control (Figure 3; Table 7 in Online Appendix). The

stabilised C:N ratio of aspen and spruce foliar litters

also decreased under the CC-SOH treatment

(p < 0.01, and p < 0.01, respectively; Figure 4B).

We found no differences among treatments for the

stabilised C:N ratio of wood due to the high degree

of variability in the data (Table 8 in Online Ap-

pendix). Differences between control and CC-SOH

treatments can also be found in the final values of

C:N ratio (Table 8 in Online Appendix).

Relative to the control treatment, the PC-G treat-

ment had significant effects on the residual N content

of foliar litter and wood of spruce over the course of

the experiment (Table 6 in Online Appendix). The

PC-G treatment decreased the stabilised C:N ratio of

spruce foliage (p = 0.02) and marginally decreased

the critical C:N ratio of spruce wood (z = 1.67,

p = 0.10; Figure 4). But other partial harvesting

treatments had no effect on N dynamics.

DISCUSSION

Long-term (over 10 years) decomposition experi-

ments in forests are rare. The extensive CIDET (up

to 12 years; Moore and others 2011) and LIDET (up

to 10 years; Harmon and others 2009) studies are

notable exceptions. The long-term patterns in C

losses reported here lend empirical support to

alternatives to the single-exponential decomposi-

tion model that would better account for long-term

mass losses and C retention within the forest floor.

The results also question the assumption that wood

material, because of its low nutrient and high lignin

content, is more recalcitrant to decomposition than

Figure 2. Long-term decay rates kLT (mean ± 95% CI) of foliar litter and wood blocks of trembling aspen, white spruce,

and balsam fir following partial and clear-cut harvesting treatments. Confidence intervals were estimated using a Monte

Carlo approach (see ‘‘Materials and Methods’’ section). For explanations of the harvesting treatments, see the note in

Table 1.
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foliar litter over the long term. Finally, the study

provides new information regarding the effects of

harvesting on long-term average decomposition

rates and N release of both foliar litter and wood in

boreal ecosystems.

Most Probable Decomposition Models
(Hypothesis H1)

The double-exponential simultaneous model, se-

lected for four of the six litter types (trembling aspen,

balsam fir, and white spruce foliage, and aspen

wood), underscores the presence of two groups of

components that decompose simultaneously, but at

different rates. The initial chemical composition of

these four litter types, analysed by 13C nuclear

magnetic resonance (NMR), was dominated by O/N-

alkyl C structures (51–83%, Table 4). Over the first

5–6 years of decomposition, concentrations of these

structures decreased as the mineralisation of holo-

celluloses and leaching of soluble carbohydrates

proceeded (Strukelj and others 2012). The presence

in early stages of decomposition of endophyte or/

and opportunistic ascomycetes, with high levels of

cellulolytic enzyme activity, could account for this

initial rapid C loss (Šnajdr and others 2011; Štursová

and others 2012; Foudyl-Bey and others 2016). In

addition, this phase probably involves the leaching

of proteins, tannins and other polyphenols, and of

newly formed microbial products (Šnajdr and others

2011; Strukelj and others 2012; Cotrufo and others

2013). Also, some lignin components could form a

part of the labile fraction (Thevenot and others

2010). Fioretto and others (2005) observed a rapid

mineralisation of lignin in a 3-year decomposition

study of foliar litter, and Foudyl-Bey and others

(2016) found significant ligninolytic activity in fresh

decaying foliage and wood of trembling aspen from

close by similar stands.

Again, according to the simultaneous model, the

recalcitrant components of litters are present both

initially and in advanced stages of decomposition

(Fukasawa and others 2009; Strukelj and others

2012, 2013). This recalcitrant fraction likely in-

cludes aliphatic (alkyl C) molecules such as fatty

acids, waxes and resins (Lorenz and others 2007),

and holocelluloses (O/N-alkyl C) and lignin (aro-

matic C) that are protected from decomposition by

their covalent linkages to each other (Talbot and

others 2012).

For balsam fir and white spruce foliar litter, the

double-exponential successive model (4) was as

Figure 3. Residual nitrogen (N) content as a function of residual C content and harvesting treatments in decaying foliage

and wood of trembling aspen, white spruce, and balsam fir. For the sake of clarity, only the control and clear-cut with

stem-only harvesting (CC-SOH) treatments are presented (see Tables 6, 7 in Online Appendix). Residual N content was

square root transformed and was analysed as a function of residual C content and squared value of residual C content

using linear mixed models. Time of decomposition at maximum N content (t, years, calculated using the model with the

greatest support, see Tables 2, 3; Figure 1) is indicated in figures.
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probable as was the simultaneous model (3). This

model assumes that the stable fraction results from

the decomposition of labile components. As

decomposition proceeds, decaying litters become

enriched in microbial products (Cotrufo and others

2013) and in aromatic by-products from lignin

decomposition (Prescott 2010). These structures

provide secondary recalcitrance to decaying organic

matter (Von Lützow and others 2006). Manzoni

and others (2012) also found the two models

equally likely when modelling foliar litter and soil

organic matter decomposition. Simultaneous and

successive decompositions are not mutually exclu-

sive as biological mechanisms can be provided for

both models (see discussion above). Modelling

mass losses of foliage and roots over 27 different

sites and over a 10-year period, Harmon and others

(2009) reported that the double-exponential model

(simultaneous) provided a good fit in 59% of cases.

Simultaneous and successive decompositions are

not mutually exclusive as biological mechanisms

can be provided for both models (see discussion

above). As highlighted by Wieder and Lang (1982),

double-exponential models ‘‘are a compromise

between a single-exponential model and a model

that could track several fractions of fresh litter

decomposing exponentially’’. This conception of

decomposition may be more consistent with recent

advances in fungal ecology and enzymology such

as the Guild Decomposition Model (Baldrian and

Lindahl 2011).

In contrast, single-exponential models, found to

be the most plausible for spruce and fir wood, im-

ply the decomposition of single fractions at con-

stant relative rates. These rates (0.094 year-1 in

balsam fir wood and 0.138 year-1 in white spruce

wood in control stands) were similar to those of the

recalcitrant fraction of aspen wood (0.138 year-1).

Although a faster decaying fraction must be present

in spruce and fir wood, it was likely too small to be

reliably detected given the time interval between

measurements and given the large variations in C

Figure 4. A Critical C:N ratio and B stabilised C:N ratio (mean ± 95% CI) for decaying foliage and wood of trembling

aspen, white spruce, and balsam fir following partial and clear-cut harvesting treatments. Critical C:N ratios were assessed

by linear mixed models of square root of residual N content as a function of residual C content and squared value of

residual C content. Confidence intervals of critical C:N ratios were estimated by Monte Carlo simulations (see ‘‘Materials

and Methods’’ section). Stabilised C:N ratios were estimated by nonlinear mixed-effects models using an asymptotic

function. The asymptote, corresponding to the stabilised C:N ratio, is presented. For explanations of the harvesting

treatments, see the note in Table 1.
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loss values in conifer wood samples (Figure 1). The

limited changes observed in the relative propor-

tions of chemical structures for spruce and fir wood

over the first 5–6 years of decomposition (Strukelj

and others 2012) were consistent with decay pat-

terns exhibited by nonselective white-rot fungi

(Boddy and Watkinson 1995). The variability in the

decay patterns of coniferous wood was greater than

that of their foliage (Figure 1) despite being incu-

bated under identical field conditions. This may be

related to variations in fungal communities at

various scales, from pieces of wood to the landscape

(Boddy and Watkinson 1995; Wickings and others

2012). It may also have been caused by variability

in wood density and chemical composition within

wood blocks.

The majority of empirical studies relating

decomposition rates to environmental factors or to

litter properties are still based on short-term data

(<5–6 years) and use the single-exponential

model (for example, Zhang and others 2008).

While inferences can be drawn regarding which

factors control the initial phase of decomposition,

inferences to longer term C dynamics must be

questioned. Aside from a better representation and

understanding of mass loss patterns, selecting an

appropriate model has implications when mod-

elling ecosystem C balance. The single-exponential

model could underestimate C sequestration from

decomposing litters by as much as 34% (Harmon

and others 2009).

Comparison Between Foliar Litter and
Wood (Hypothesis H2)

It is assumed the low nutrient and high lignin

concentrations of wood hinder its decomposition

(Cornwell and others 2009; Cornelissen and oth-

ers 2012). However, we hypothesised that because

foliage is richer in N and alkyl C compounds than

wood (Strukelj and others 2012, 2013), foliage

could generate more stable compounds resulting

in slower long-term decay rates. A faster average

long-term decay rate in wood than in foliage was

only found for aspen. However, for all three spe-

cies, we found no evidence that the recalcitrant

fraction of wood decomposed at a slower rate than

the recalcitrant fraction of foliage. As mentioned

earlier, the higher concentrations of N and alkyl C

compounds in foliage than in wood may account

for the slow decay rates of the recalcitrant fraction

of the former. Low molecular N compounds may

repress the synthesis of lignin-degrading enzymes

(Berg 2000; Prescott 2010), whereas alkyl C in-

cludes recalcitrant waxes and other lipids (Lorenz

and others 2007). On the other hand, holocellu-

loses and lignin of wood can be efficiently

decomposed by white-rot fungi, such as Bjerkan-

dera adusta and Phlebia centrifuga. Both species

were found on fresh aspen and balsam fir wood

blocks within 6 months of being set on the forest

floor of the study stands (Kebli and others 2014).

B. adusta can cause high weight losses in fresh

wood (Fukasawa and others 2011), whereas some

strains of P. centrifuga degrade lignin more effi-

ciently than other wood components (Hakala and

others 2004).

Apart from chemical factors, the physical acces-

sibility of litter components to microorganisms

(surface area to volume ratio, cell structure; Corn-

well and others 2009; Cornelissen and others 2012)

likely explains differences in decomposition be-

tween foliar litter and wood. The small size of the

wood blocks used for the study increased wood

accessibility to fungal attack and increased wood

Table 4. Initial Chemical Composition of Litters Analysed by a CNS Analyser and by Solid-State 13C Nuclear
Magnetic Resonance (NMR) Spectroscopy. Data adapted from Strukelj and others (2012)

Litter species Concentrations

(mg g-1)

C:N ratio NMR intensity distributions in chemical shift regions (% of

total area)

C N Alkyl

(0–46 ppm)

O/N-alkyl

(46–111 ppm)

Aromatic

(111–166 ppm)

Carbonyl

(166–222 ppm)

Aspen foliage 479 (1) 8.0 (0.2) 60.2 (1.3) 24.61 (1.61) 57.60 (0.77) 11.18 (0.62) 6.60 (0.22)

Spruce foliage 473 (5) 6.8 (0.4) 69.4 (3.9) 15.91 (0.23) 66.31 (0.53) 13.62 (0.33) 4.16 (0.31)

Fir foliage 515 (3) 11.9 (0.1) 43.3 (0.3) 31.53 (0.23) 50.61 (0.09) 12.13 (0.07) 5.72 (0.08)

Aspen wood 480 (5) 0.6 (0.1) 806.0 (131.4) 6.57 (0.57) 83.03 (0.70) 7.45 (0.49) 2.95 (0.20)

Spruce wood 473 (11) 0.5 (0.3) 987.4 (298.2) 4.67 (0.11) 79.71 (0.45) 13.71 (0.46) 1.91 (0.11)

Fir wood 487 (11) 0.6 (0.05) 766.5 (61.6) 4.81 (0.33) 78.21 (1.17) 14.89 (0.75) 2.08 (0.21)

Mean (SD). Number of samples analysed for C and N concentrations ranged from 5 to 10 per litter type (see Table 1). Number of samples analysed by NMR spectroscopy was 3
per litter type.
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decay rates when compared to estimates from log

chronosequences (Brais and others 2006), allowing

differences in chemical properties between foliage

and wood to supplant differences in litter size.

As hypothesised, the critical C:N ratios of wood

were higher than those of foliage. Critical C:N

ratios of 33–68 were reported for the foliage of the

seven forest tree species included in the CIDET

experiment (Moore and others 2011), while a

value of 165 was reported for western hemlock

wood blocks (Smyth and others 2016), the single

wood type included in the experiment. Differences

in critical C:N ratios reflect differences in the ini-

tial C:N ratios and presumably differences in the

saprotrophic community C:N ratio and C use

efficiency (Manzoni and others 2008; Ågren and

others 2013). Net N release is assumed to result

from mycelium senescence due to energy limita-

tions (Boddy and Watkinson 1995; Hart 1999;

Philpott and others 2014). Foliage and wood

reached critical C:N ratios at comparable decom-

posed fractions of the initial C (29–56%). This

fraction might be a threshold where litters become

C-limited, inducing filamentous fungi to forage in

order to maintain their growth and activity. Fun-

gal mycelial extension away from C-limited litters

to C-rich litters may also explain the decrease in N

content observed in decayed litters (Lindahl and

others 2002). Although wood samples reached

their critical C:N ratio during the study period,

most samples collected over the whole 13-year

experiment had residual N content above

1 g N g Ni
-1, highlighting wood N sequestration

potential. In contrast, foliage reached a residual N

content below 1 g N g Ni
-1 within 15 months to

6 years of decomposition.

The critical C:N ratios were higher than the

observed C:N ratios at the end of the experiment,

indicating that decomposition still proceeds in

spite of periodic energy limitations. The final C:N

ratios were consistent with C:N values reported

for the forest floor originating from foliage

decomposition (16–24) and with C:N ratios from

decaying wood found buried within the forest

floor (30–80; Strukelj and others 2013; Foudyl-

Bey and others 2016). Hence, despite limiting

macrofauna access to the incubating material,

litterbag incubations allow decomposition to pro-

ceed, although at different rate, to end products

comparable in chemical composition to the

material forming the forest floor. This may be

particularly true for the forest floor of boreal

forests where fungi are the main decomposers

(Lindahl and others 2002).

Effects of Clear-Cutting Versus Partial
Harvesting (Hypotheses H3, and H4)

Clear-cut harvesting effects on decomposition rate

differed among litter material, tree species, and

slash treatment. Contrary to our third hypothesis,

the average long-term decay rates following clear-

cutting were either similar or faster than those

observed in control stands Also, as observed here

for aspen and fir foliage (Table 5 in Online Ap-

pendix), harvesting can have opposite effects on

the decomposition of the labile and recalcitrant

fractions of litters, leading to different conclusions

depending on the study duration. This unpre-

dictability is consistent with the range of effects

reported from various studies (Yin and others 1989;

Prescott and others 2000; Finér and others 2016).

Despite decomposing side by side, wood and fo-

liage of aspen and fir were affected in different

ways by clear-cutting. Saprotrophic fungal com-

munities of fresh wood and foliage are recognised

as different functional or ecophysiological groups

(Eichlerová and others 2015). Their respective en-

zyme synthesis systems may respond differently to

changes in environmental conditions induced by

harvesting. Although many studies have quantified

the impacts of harvesting on deadwood volume

(Brassard and Chen 2008; Hagemann and others

2010; Strukelj and others 2015), little information

regarding harvesting effects on wood decomposi-

tion is available (for example, Marra and Edmonds

1996; Strukelj and others 2015). This general lack

of information regarding deadwood decomposition

compromises the adequacy of broad-scale estimates

of heterotrophic CO2 in managed forests (Harmon

and others 2011). Moreover, inferring results of

short-term experiments conducted on foliage litters

to other dead organic matter pools could be mis-

leading.

The most consistent effect of clear-cutting ob-

served in the study was the decrease in critical C:N

ratios of foliage and wood of spruce and fir under

the CC-SOH treatment when compared with con-

trol stands. The stabilised C:N ratio of aspen foliage

also decreased under the CC-SOH treatment. A

decrease in the critical C:N ratio following clear-cut

harvesting was reported for Scott pine needles

(Berg and Ekbohm 1983), but not for ponderosa

pine needles (Hart and others 1992). Although

strongly dependent on the litter initial character-

istics, immobilisation and release of N during

decomposition are also conditioned by the sur-

rounding environment of decaying litters (Hart and

Firestone 1991; Hart and others 1992; Moore and

others 2011).

Decomposition Patterns of Foliar Litter and Deadwood 81



Higher amounts of fresh harvesting slash were

found in stands immediately after stem-only

harvesting when compared with controls

(52 Mg ha-1 in CC-SOH vs. 14 Mg ha-1 in con-

trols of ASPEN stands, Belleau and others 2006;

90 Mg ha-1 in CC-SOH versus 32 Mg ha-1 in

controls of MIXED stands, Brais and others 2013).

Responses of the microbial communities to large

inputs of fresh organic matter could include the

redistribution of fungal biomass and N away from

well-decomposed organic matter towards fresh

litter via mycelial growth and translocation by

cord-forming fungi (Schimel and Hättenschwiler

2007; Boberg and others 2014; Philpott and others

2014; Foudyl-Bey and others 2016). Large inputs

of fresh organic matter can also change microbial

use efficiencies of N and C (Boberg and others

2014; Mooshammer and others 2014) and in-

crease retention of N in mycelial biomass (Boddy

and Watkinson 1995). Such responses could delay

fungal biomass senescence and N mineralisation

in litters (Philpott and others 2014; Foudyl-Bey

and others 2016) resulting in lower critical C:N

ratio and increased N retention following clear-

cut harvesting.

Partial harvesting had minor effects on long-term

decay rates and critical C:N ratios as forecast in our

fourth hypothesis, probably because of its minor

effects on soil temperature and moisture (Brais and

others 2004), foliar litter and deadwood inputs

(Strukelj and others 2015), and decomposer com-

munities (Kebli and others 2014). The effects of

partial harvesting on decomposition have not been

investigated to the same extent as those of clear-

cutting, and require further investigation (Yin and

others 1989; Prescott 1997; Prescott and others

2000; Hope and others 2003).

CONCLUSION

Based on long-term litterbag incubations of wood

and foliage, our study lends empirical support to

alternatives to the single-exponential decay model

that better explain long-term litter C losses in forest

ecosystems. Double-exponential models, when

plausible, highlight the presence of labile and

recalcitrant fractions decomposing at different rates

within a given litter type. Comparing wood and

foliage C losses, we found no evidence for differ-

ences between litter origins in the decomposition

rate of their respective recalcitrant fraction. How-

ever, the critical C:N ratio appears to be substrate

specific and affected by the amount of fresh organic

matter surrounding the decaying litters. The results

challenge the use of short-term decomposition

outcomes to long-term C balance estimates in

managed and unmanaged forest ecosystems. With

recent developments in genetic, enzymatic, and

chemical analyses, it is now possible to conduct

litterbag experiments that advance our under-

standing of saprotrophic communities and pro-

cesses involved in litter decomposition. Long-term

comprehensive empirical data on the patterns and

controls of decomposition gained from these

experiments could support more theoretical ap-

proaches and improve assessments of C and N

fluxes in forest ecosystems.
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Šnajdr J, Cajthaml T, Valášková V, Merhautová V, Petránková M,
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