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A B S T R A C T

Litterfall is a major pathway for transferring aboveground biomass to the forest floor and thus plays an important
role in building forest soil carbon stocks. However, inter- and intra-annual variability of litterfall remains poorly
documented, especially in North American temperate and boreal forests, due to the lack of recent long-term
studies at high sampling frequencies. This potentially creates uncertainties in estimates of forest carbon
budget models. The objectives of the present study were to 1) quantify the mean annual flux, interannual
variability, and seasonality of litterfall in three sites (dominated respectively by sugar maple (Acer saccharum
Marsh.), balsam fir (Abies balsamea (L.) Mill. 1768), and black spruce (Picea mariana (Mill.) B.S.P.)) in eastern
Canada over a period of 22–32 years, 2) relate the litterfall amounts and temporal variations to the changes in
the size of major organic matter pools in these ecosystems, and 3) compare our litterfall estimates with reference
values used in national greenhouse gas inventories. Litterfall production decreased from the sugar maple to the
balsam fir and black spruce sites, preponderantly due to species composition. Litterfall evolution was related to
the aboveground biomass of live trees in both conifer sites; in contrast, in the broadleaf site, changes in forest
composition and structure were apparently the main drivers. The litterfall seasonality varied between broadleaf
and conifer sites and could be explained by a sigmoidal model. Substantial departures from the seasonality for
some given years were likely due to important climatic anomalies. Forest floor biomass remained stable over
time at all three sites despite the increase in litterfall at the balsam fir and sugar maple sites and rapid forest floor
turnover at the latter site. Our analyses of litterfall suggest that reference values from the literature used for
national greenhouse gas inventories underestimate annual litterfall and forest floor carbon stocks for temperate
and boreal forests.

1. Introduction

Globally, forests play a major role in the global carbon (C) cycle.
Since the end of the last century, they have accumulated more C than
they have released, storing the equivalent of about one third of total
anthropogenic C emissions (Friedlingstein et al., 2020). Given the vital
role of forests, there is a need to reduce uncertainties about their in-
fluence on the global C budget and to assess the potential risks and
opportunities of the forest sector for reducing atmospheric greenhouse
gas concentrations and mitigating climate change (Friedlingstein et al.,
2020; Parmesan et al., 2022).

Good practices in national greenhouse gas inventories consider the
main C fluxes for forest ecosystems, specifically the change in C stocks in
living biomass, dead organic matter (including forest floor or humus and
dead wood or woody debris), and soils (Intergovernmental Panel on
Climate Change (IPCC), 2003). Litterfall is the primary pathway for
transferring C from aboveground biomass to the forest floor and thus
plays an important role in the variability of dead organic matter C stocks
(Binkley and Fisher, 2019; Osman, 2013). Litterfall is consequently an
essential element to consider when assessing the contribution of forest
ecosystems to the C cycle (Sitch et al., 2008).

Most terrestrial biogeochemical models assume that biotic factors
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such as stand structure, tree species composition and forest type, and
abiotic factors such as soil fertility and climate control net primary
productivity (NPP) and, thus, influence litterfall (Fisher et al., 2014;
Wieder et al., 2015); this is at least partly supported by empirical data.
For example, Jevon et al. (2022) using three separate data sources with
different spatial and temporal extents, found that, in temperate forests,
foliar litter production generally increased with aboveground woody
production and this relation could be modified by plant functional group
and climate. Another study showed that broadleaf forest stands pro-
duced more litterfall in boreal and temperate zones than mixed or
softwood stands (Chen et al., 2017; Jevon et al., 2022). However, lit-
terfall monitoring of five softwood or hardwood species in monospecific
stands in Denmark revealed few differences between species composi-
tions, but higher litter production at the richer loamy site compared to
the two poorer sandy sites (Hansen et al., 2009). Bhatti & Jassal (2014)
observed that the annual needle litter production in mature jack pine
(Pinus banksiana Lamb.) and black spruce (Picea mariana (Mill.) B.S.P.)
sites in western Canada was strongly influenced by cumulative growing
degree-days (GDD). Similarly, based on a compilation of data from over
400 stands in Eurasia, where 43 % were coniferous and 57 % were
broadleaf forests, Liu et al. (2004) reported that litterfall production at
the continental scale was primarily influenced by the mean annual
temperature, particularly for hardwood species stands. Shen et al.
(2019) reported that, on a global scale, variability in litterfall was
mainly explained by actual evapotranspiration. Beside forest charac-
teristics and environmental variables, insect herbivores can also influ-
ence litterfall production, notably during epidemic periods (Gandhi and
Herms, 2010; Risley and Crossley, 1993).

Litterfall varies spatially and temporally between years and within a
given year. Generally, litterfall follows a different seasonality (i.e.,
regular and predictable changes recurring every year) depending on the
forest type. For example, in temperate broadleaf forests, litterfall mainly
occurs in the fall during leaf senescence. In contrast, in temperate and
boreal coniferous forests, litterfall is more continuous throughout the
year, with slight increases observed in the spring during the bud burst of
new needles, and in the fall during the senescence of old needles

(Portillo-Estrada et al., 2013; Zhang et al., 2014). In addition to the
interannual climate variability, extreme climatic events such as
droughts, extreme cold events and windstorms can alter seasonality and
annual litterfall (Bhatti and Jassal, 2014; Houle et al., 2016;
Portillo-Estrada et al., 2013).

Many studies have quantified the amount of litterfall in various areas
of the world (Holland et al., 2014; Shen et al., 2019). However, few
provide long-term data at high sampling frequencies for North American
temperate and boreal forests (Zhang et al., 2014). Furthermore, litterfall
measurement studies are generally of short duration with varying
sampling frequencies, which is not conducive to documenting season-
ality and interannual variability. This potentially creates uncertainties
in the forest C budget generated by models in which this process is often
represented using default values from the literature (IPCC, 2003). The
lack of knowledge of litterfall also generates uncertainties in Dynamic
Global Vegetation Models (DGVMs) used to represent the contemporary
and future global C cycle (Sitch et al., 2008). In addition, DGVMs rarely
incorporate seasonality into their simulations, even though it is a crucial
factor to consider when describing C dynamics in forest ecosystems
(Portillo-Estrada et al., 2013; Zhang et al., 2014). Finally, few studies
combine the estimation of litterfall production with the quantification of
major organic matter pools (living biomass, dead organic matter, and
soils) within forest ecosystems. Despite the different and complex dy-
namics observed within these pools and litterfall production, their
interconnection directly influences C storage and cycling within forest
ecosystems. For instance, changes in litterfall input could lead to
cascading effects on biogeochemical processes by affecting decomposi-
tion rate and soil respiration and, thus, soil C content (Xu et al., 2013).

The first objective of this study was to quantify the mean annual flux,
interannual variability, and seasonality of litterfall in three ecosystems
representative of the major bioclimatic domains of the province of
Quebec (eastern Canada), i.e., the sugar maple-yellow birch (Acer sac-
charum Marsh.-Betula alleghaniensis Britton), balsam fir-white birch
(Abies balsamea (L.) Mill. 1768-Betula papyrifera Marsh.)), and black
spruce (Picea mariana (Mill.) B.S.P.)-feathermoss domains, over a period
of 22–32 years. The second objective was to relate the litterfall amounts

Table 1
Climate, stand and soil characteristics of the sugar maple, balsam fir, and black spruce sites.

Sugar maple Balsam fir Black spruce

Latitude 46◦57′N 47◦17′N 49◦13′N
Longitude 71◦40′W 71◦14′W 73◦39′W
Elevation (m) 350 800 400

Climate normal*
Mean annual air temperature (◦C) 3.5 0.0 0.6
Mean annual total precipitation (mm) 1 408 1 429 971
Mean annual growing degree-days (◦C) 1 500 935 1 233

Stand**
Forest cover type Deciduous Coniferous Coniferous
Canopy composition (% basal area) 47 % sugar maple 87 % balsam fir 80 % black spruce

32 % American beech 7 % white birch 20 % jack pine
21 % yellow birch

Mean age (years) Uneven-aged 80 80
Stem density (stems ha–1) 2 352 2 204 4 016
Basal area (mean ± SE) (m2 ha–1) 30.0 ± 2.1 49.4 ± 1.4 34.7 ± 1.3
DBH (mean ± SE) (cm) 8.9 ± 0.3 15.6 ± 0.5 9.7 ± 0.1

Soil
Humus type Moder Mor Mor
Forest floor thickness (mean ± SE) (cm) 5.0 ± 0.2 11.0 ± 0.4 14.0 ± 0.5
Soil type*** Ferro-Humic Humo-Ferric Humo-Ferric

Podzol Podzol Podzol
Soil texture Sandy loam Sandy loam Loamy sand
Drainage class 2 3 2

* For the 1991–2020 period. Estimated according to the location of the sites with the weather generator of BioSIM software (Régnière, 1996).
** Stand characteristics for stems with a diameter at breast height (DBH) > 1.0 cm from the 2016 inventory for the sugar maple and black spruce sites and from the

2018 inventory for the balsam fir site.
*** Orthic Ferro-Humic or Humo-Ferric Podzols according to the Canadian System of Soil Classification (Soil Classification Working Group, 1998) or Podzols ac-

cording to the World Reference Base (IUSS Working Group WRB, 2015)
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and temporal changes to variations in the size of major organic matter
pools in these ecosystems. The third objective was to compare our lit-
terfall estimates with reference values used in national greenhouse gas
inventories. Based on current knowledge, we anticipated that 1) the
mean annual litterfall and its seasonality vary by forest type (broadleaf
vs. evergreen), 2) climatic anomalies alter annual litterfall production
and seasonality, 3) annual litterfall increases with increased live tree
aboveground biomass, and 4) our estimations of litterfall are different
from reference values used for national greenhouse gas inventories
(IPCC, 2003) and modelling of forest C dynamics in Canada (Kurz et al.,
2009).

2. Materials and methods

2.1. Study sites

The three study sites are located within study watersheds that are
part of the Québec Forest Ecosystem Research and Monitoring Network
(Réseau d’Étude et de Surveillance des Écosystèmes forestiers; RESEF,
Table 1). The first and southernmost site (hereafter referred to as the
sugar maple site) is located in the Sugar Maple – Yellow Birch biocli-
matic domain (Saucier et al., 1998). This site is affected by the
contemporary decline in sugar maple regeneration and growth and the
proliferation of American beech (Fagus grandifolia Ehrhart.).

The second site (balsam fir) is located further north and at a higher
altitude, and is part of the Balsam Fir – White Birch bioclimatic domain
(Saucier et al., 1998). This site is colder than the southernmost site but
receives similar precipitation. The third and northernmost site (black
spruce) is in the Black Spruce – moss bioclimatic domain (Saucier et al.,
1998). The climate is drier than the southern sites and slightly warmer
than the balsam fir site. The area of monitored plots is 50×100 m (0.5 ha)
at the sugarmaple site and 50×50m (0.25 ha) at both coniferous sites. The
sampling period was from 1986 to 2020 for the sugar maple site, from
1998 to 2020 for the balsam fir site and from 1996 to 2020 for the black
spruce site.

2.2. Litterfall

Litterfall (including leaves and needles, twigs with diameter < 1 cm,
flowers, fruits, bark, and other plant parts, insect and bird droppings and
dead insects) was sampled at the three sites using litter traps inside the
monitored plots. The litter traps were 20 cm-high open boxes with a
nylon mesh bottom (0.3 mm), positioned horizontally 30 cm above the
ground. The traps were 2m2 (1.41×1.41m) in the maple site and 1m2 in
the coniferous sites. The distance between any two litterfall traps was
between 10 m and 70 m. In the maple site, a total of 10 litter traps,
randomly distributed across the study plot (0.5 ha), were used to
monitor litterfall in the maple site from 1988 to 1996; this number was
reduced to 5 traps in 1997. No sampling took place in 1998 at this site.
Five traps randomly distributed across the study plot (0.25 ha) were also
used in the spruce and fir sites, for which sampling began in 1997 and
1999, respectively. The traps were placed on the ground during winter,
so that winter litterfall could be captured at snowmelt. At the maple site,
litterfall was collected once after snowmelt (April or May), once in late
August, and biweekly from September through November. At the
coniferous sites, litterfall was collected monthly during the snow-free
period, roughly from May to November. Data were available until
2020 for the three sites.

The oven-dry weight (60 ◦C for 48 hours) of each sample was
measured. Annual litterfall was calculated from June 1st to May 31st of
the following year and identified by the first year. Given that it is esti-
mated that about half of the dry mass of tree tissues, including litter, is
composed of C (Kurz et al., 2009; Thomas andMartin, 2012), the organic
C concentration of litterfall was not systematically analyzed throughout
the study period. To establish reference values for our study, we
measured organic C concentration for at least two harvests at each stand.

At the sugar maple site, it was assessed in November 2020 (n=19), as
well as in May (n=5) and October (n=20) 2020. At the two coniferous
sites, it was assessed in May (n=5) and June (n=5) 2022. Samples were
oven-dried (105 ◦C) and grounded to 500 μm with an automated dry
combustion instrument (model LECO CR-412) at 1350 ◦C under an ox-
ygen atmosphere.

2.3. Tree

Forest stands were surveyed approximately every five years since
monitoring began (1986, 1989, 1996, 2001, 2006, 2011 and 2016 at the
sugar maple site, 1998, 2003, 2008, 2013 and 2018 at the balsam fir site
and 1996, 2001, 2006, 2011 and 2016 at the black spruce site). The
monitored plots were divided into subplots of 100m2. At each survey, all
trees with a DBH greater than 1.0 cm were numbered, positioned, and
measured for DBH and height within each subplot. Tree species and
status (alive or dead) were also determined. We estimated the above-
ground dry biomass of live and dead standing trees from these surveys
using the Canadian national species-specific allometric aboveground
biomass equations (based on DBH and height) developed by Lambert
et al. (2005); these equations make it possible estimate the biomass of
compartments (foliage, branch, wood, and bark), which are constrained
to equal the total biomass. The aboveground biomass of dead standing
trees was estimated by excluding the tree foliage compartment but
without considering the tree crown condition or trunk decay rates. We
also compared foliage biomass estimates with our annual litterfall pro-
duction measurements to calculate the foliage turnover rate.

2.4. Woody debris

Woody debris biomass was estimated in July (black spruce site),
October (balsamfir site) andNovember (sugarmaple site) 2003 (Tremblay
et al., 2012) and July (sugarmaple and balsamfir sites) andOctober (black
spruce site) 2022 using the line intersect method described in Taylor
(1997), adapted to measure woody debris with a diameter ≥ 1 cm. Six
transects were delineated in the sugar maple site and three in the balsam
fir and black spruce sites. At both coniferous sites, the first transect of
50–60 m was randomly delineated from the center of the plot and two
others were set at 60◦ apart. At the sugar maple site, the plot was sub-
divided into two parts, in which three transects were delineated in the
same way as for the coniferous sites. During the inventory, the diameter
class (1–7.5 cm; 7.6–12 cm; 12.1–30 cm; > 30.0 cm) and decay class
(intact (1) to totally decomposed (5)) of each woody debris intersecting
the transect were noted. A wood slice of approximately 2 cm was also
collected from debris representing each diameter-decay class inventoried
on the transect (8–15 samples per site). The bulk density for each
diameter-decay class was calculated from the volume (estimated using the
Archimedes principle) and dry mass of the samples. Woody debris biomass
for each transect was calculated using the Van Wagner (1968) formula:

W =
π2Sij

∑
dij2

8L

whereW is weight per unit area (Mg ha− 1); S is density in units of weight
per unit volume (g cm− 3) for diameter class i and decay class j; d is
diameter piece (cm) at the intersection for diameter class i and decay
class j; and L is length (m) of a sample line.

2.5. Forest floor

Two types of soil sampling were carried out at the three sites: a soil
pit survey and a spatiotemporal grid sampling. Soil surveys were per-
formed approximately every ten years since monitoring began. Specif-
ically, surveys were conducted betweenMay and July 1993, 1998, 2008,
and 2016 at the sugar maple site; between July and September 1998,
2007, and 2017 at the balsam fir site; and in October 1996, 2006, and
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2016 at the black spruce site. At each survey, six pits of 1 m2 were dug in
the sugar maple site and four in each coniferous site on the periphery of
the study plots. When present, the L, F and H horizons and mosses were
sampled with a template for a known surface area, and their depth was
recorded. The L, F and H samples were air-dried, weighted, and sieved to
2 mm to determine the bulk density, by dividing the dry mass by the
sampled volume, and the organic matter content by the loss-on-ignition
method (Gallardo et al., 1987). The organic C concentration of the forest
floor was measured using the method described above to estimate
organic C in litterfall.

In September 2002 and 2012, respectively, 60 and 10 forest floor
samples were collected with a volumetric soil sampler (diameter = 4.8,
5.2 or 8.0 cm) within a 20 m2 spatiotemporal sampling grid established
on the periphery of the study plot to monitor temporal changes in soil
properties. The depth and dry mass of each sample were determined,
and the bulk density was calculated by dividing dry mass by volume.

Forest floor biomass was calculated for each soil pit by multiplying
the organic matter concentration of LFH forest floor horizons from the
soil pit survey by the average site-specific bulk density and forest floor
thickness from the spatiotemporal grid samplings. A spatiotemporal
sampling grid was more suitable than soil pits for quantifying forest floor
biomass and detecting temporal trends due to lower variability. The
forest floor was not sampled each time with a known surface area in the
soil pits, thus restricting the use of these data to assess temporal changes
in forest floor bulk density and organic matter pools. In addition, the
number of observations was low in the soil pits, and the variability of
layer depth observations was high for these samples.

2.6. Climate data

Annual climatic factors, including air temperature and precipitation,
were obtained for the location of the sites with the weather generator of
the BioSIM software from 1988 to 2020 in the sugar maple, from 2001 to
2020 in the balsam fir and from 1997 to 2020 in the black spruce
(Régnière, 1996). Daily maximum wind speed (Met-One 013 A, Camp-
bell Scientific, Logan, UT) was computed frommeteorological stations at
each of the study watersheds. Based on these data, we studied and
documented the probability of occurrence of climatic anomalies asso-
ciated with strong deviations from annual and seasonal patterns of
litterfall.

2.7. Statistical analyses

Linear mixed models (LMM) were used to investigate the site and
time effects and their interactions on annual litterfall and aboveground
(live and dead standing trees), woody debris and forest floor biomass.
We considered respectively litter traps (n=5 and n=10 after and before
1997, n=5 and n=5 at the sugar maple, balsam fir and black spruce sites,
respectively), 100 m2 subplots (n=50, n=25 and n=25 at the sugar

maple, balsam fir and black spruce sites, respectively), transects (n=6,
n=3 and n=3 at the sugar maple, balsam fir and black spruce sites,
respectively) and soil pits (n=6, n=4 and n=4 at the sugar maple, bal-
sam fir and black spruce sites, respectively) as random effects, and an
autocorrelation structure of order 1 for the continuous time covariate.
Differences among sites were tested for litterfall, foliage of live trees,
wood of live and dead standing trees (aboveground biomass including
wood, bark and branches), woody debris and forest floor. The homo-
scedasticity and normality of sample distributions were verified through
residual plot analysis. We only transformed data that showed clear vi-
olations of key assumptions since LMM are robust to violations of
distributional assumptions (Schielzeth et al., 2020). These trans-
formations were limited to woody debris biomass (natural log). Adjusted
means and standard errors (S.E.) were presented, except for woody
debris, where mean and S.E. were at their original scale to facilitate
interpretation. While our study does present a methodological limitation
due to the absence of site replication caused by resource constraints, it
still offers unique long-term data at high sampling frequencies.

Average intra-annual patterns in litterfall at each site were also
modelled using a sigmoid equation considering all years of observation,
except one specific year at each site due to their unusual seasonal trends
(2009 in the sugar maple site, 2012 in the balsam fir site and 2001 in the
black spruce site). For the balsam fir site, we also excluded the years
1999 and 2000 since the number of samplings for these years was only
two (June and August) and three (June, July and October), respectively:
this limited sampling size did not allow for an accurate characterization
of seasonality.

Results from the study were then compared with default values
related to litterfall proposed for the Tier 1 approach in the IPCC
guidelines for national greenhouse gas inventories, and those used in the
Carbon Budget Model of the Canadian Forest Sector (CBM-CFS3).

All analyses were performed in the R environment (R Core Team,
2023), using the package dplyr for data manipulation (Wickham et al.,
2023), ggplot2 for data visualization (Wickham, 2016), nlme for linear
mixed models (Pinheiro et al., 2022; Pinheiro & Douglas, 2000),
emmeans for adjusted means computation (Lenth et al., 2023), and stats
for sigmoid models (R Core Team, 2022).

3. Results

3.1. Litterfall production

Comparisons among sites revealed that litterfall was highest in the
sugar maple site (3.8± 0.1 Mg ha− 1 yr− 1), intermediate in the balsam fir
site (3.0 ± 0.2 Mg ha− 1 yr− 1), and lowest in the black spruce site (1.9 ±

0.2 Mg ha− 1 yr− 1); the sugar maple site produced approximately twice
as much litterfall as the black spruce site
(p < 0.001, Table 2). The average organic C concentration of litterfall
was 0.48 ± 0.002 g C/g dry matter for the sugar maple site and 0.50 ±

Table 2
Average dry mass of litterfall (Mg ha− 1 yr− 1, ± S.E.) and organic matter pools (Mg ha− 1, ± S.E.) in the sugar maple, balsam fir, and black spruce sites over the study
period. Letters a, b and c indicate significant differences between sites (p < 0.05).

Sugar maple Balsam fir Black spruce

Litterfall (Mg ha− 1 yr− 1) 3.8 ± 0.1a 3.0 ± 0.2b 1.9 ± 0.2c

Organic matter pools (Mg ha− 1)

Foliage biomass of live trees 5.0 ± 0.3a 14.8 ± 0.4b 13.3 ± 0.4c

Aboveground biomass of live trees* 200.0 ± 10.6a 154.0 ± 15.8ab 118.0 ± 15.6b

Aboveground biomass of dead standing trees* 27.7 ± 2.8a 9.07 ± 5.1b 11.1 ± 4.7b

Woody debris biomass 29.1 ± 6.6a 21.8 ± 4.3a 6.1 ± 0.7b

Forest floor biomass 53.0 ± 2.7a 127.4 ± 3.6b 98.0 ± 3.5c

* Including wood, bark and branches

R. Frisko et al.
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0.002 g C/g dry matter for the balsam fir and black spruce sites, cor-
responding to a litterfall production of 1.82, 1.50 and 0.95 Mg C ha− 1

yr− 1, respectively.
Litterfall increased over time in the sugar maple (p < 0.001) and

the balsam fir (p = 0.010) sites, but showed no change in the black
spruce site (p = 0.223, Fig. 1). Over the study period, the increase was
59.6 Mg ha− 1 yr− 1 for the sugar maple site and 39.5 Mg ha− 1 yr− 1 for
the balsam fir site, as estimated from the regression line. The analysis
also revealed that the interannual variability of litterfall was higher in
the balsam fir and black spruce sites (coefficient of variation
(CV) = 29.7 % and 35.6 %, respectively) than in the sugar maple site
(CV = 20.7 %, Fig. 1).

3.2. Litterfall seasonality

In the sugar maple site, litterfall generally followed a seasonality
starting in August and ending in early November (Fig. 2). The majority
of litterfall occurred in October, except for the year 2009, characterized
by an early litterfall, mainly in September. Analysis of the climatic data
revealed that the exceptionally early litterfall measured on September
16th, 2009, was possibly associated with severe drought in the preced-
ing days. Precipitation was estimated at 29 mm over the 37 days prior to
the 2009 September sampling, whereas the average for this period is
160 mm over the monitoring period (1988–2020); this value is less than
the 0.001 quantile of the distribution. Moreover, the average daily mean
minimum temperature was 5.7 ◦C over the same 37 days compared to
the 8.3 ◦C average for the monitoring period; this value is less than the
0.05 quantile of the distribution.

In both coniferous sites, litterfall seasonality was less pronounced,
particularly in the black spruce site (Fig. 2). In the balsam fir, the sea-
sonal trends of litterfall were also similar among years except for years
2003, 2006, and 2011, which showed more intense litterfall in
September and October, and 2012, which showed more intense litterfall
in July to September. In July 2012, the total precipitation was estimated
to be 20.1 mm compared to the 144 mm average for the monitoring
period (2001–2020); this value is less than the 0.001 quantile of the
distribution. For its part, the 2002 dry spell lasted from August 1st to
September 9th, with 47 mm of precipitation over 41 days, whereas the
average precipitation for the same period during the monitoring period
was 153 mm; this value is less than the 0.001 quantile of the distribu-
tion. In 2010, the drier period extended from July 20th to September
2nd, with a total of 57 mm over 45 days. In comparison, the average
precipitation over the 20 years of monitoring was 178 mm during this
period; this value is less than the 0.001 quantile of the distribution.
Following August 2002 and 2010, August 2006 was the third-driest
month observed during the monitoring period. Between August 5th
and August 26th, only 21 mm of rain was received, compared to the
average of 79mm over 20 years; this value is less than the 0.001 quantile
of the distribution. Additionally, in 2006, September was the coldest
among the 20 years of monitoring, with a daily mean temperature of
7.7 ◦C, compared to the average of 9.4 ◦C over 20 years; this value is less
than the 0.001 quantile of the distribution.

In the black spruce site, only 2001 was characterized by a very
intense litterfall occurring early in spring (June) and resulting in the
highest annual litterfall over the study period. Moreover, on June 20th,
2001, 59.5 km/h winds were recorded, while the average daily
maximum wind speed in June was 31.1 km/h between 1997 and 2020.
Even though these winds were not the strongest throughout the entire
study period, they represented the highest recorded daily wind among
all the months of June between 2001 and 2020; the value is less than the
0.001 quantile of the distribution.

Excluding the most exceptional year at each site a sigmoid model
explained 84–88 % of the variance associated with litterfall seasonality
for the three sites (all years combined) (Fig. 3).

3.3. Ecosystem pools

Litterfall represented 76.0 %, 20.3 % and 14.3% of the foliage biomass
in the sugar maple, balsam fir and black spruce sites, respectively.
Aboveground biomass of live trees (excluding foliage) was higher in the
sugarmaple site than in the black spruce site (p< 0.001, Table 2) while the
balsam fir site was not significantly different from the other two sites (p ≥
0.053, Table 2). The aboveground biomass of dead standing trees in the
sugar maple site was three times higher than in the two coniferous sites (p
< 0.001). The analysis revealed a linear increase in aboveground biomass
of live trees (including foliage) over the study period in the balsam fir site
(p < 0.001, slope = 2.5 Mg ha− 1 yr− 1), but no significant trend was noted
at the two other sites (Table 3). Aboveground biomass of dead standing
trees in the sugar maple, balsam fir and black spruce sites respectively
increased by 1.0, 1.3 and 1.1 Mg ha− 1 yr− 1 (p ≤ 0.040, Table 3).

Woody debris biomass was lower in the black spruce site than in the
two other sites (p < 0.001, Table 2). No statistically significant temporal
variation was detected in woody debris biomass between 2003 and
2022, although the mean amount almost decreased by half at the maple
site (p = 0.084, Table 4).

Forest floor biomass in coniferous sites was two-fold that measured in
the maple site (p < 0.001, Table 2). The forest floor average C concen-
tration was 0.39 ± 0.02, 0.49 ± 0.01, and 0.50 ± 0.01 g g− 1 for the
maple, balsam fir and black spruce sites, respectively. The mean bulk
density (± S.E.) of the forest floor in the sugar maple, balsam fir, and
black spruce sites was 0.15± 0.01, 0.14± 0.01 and 0.08± 0.001 g cm− 3,
and mean depth was 5.04 ± 0.17, 11.01 ± 0.39 and 14.03 ± 0.48 cm,
respectively. The evolution of forest floor depth and organic matter
concentration from the soil pits samples was tested, and no trend over
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time was detected (p ≥ 0.223), except for the forest floor depth in the
black spruce site, for which an increase of 0.29 cm yr− 1 was observed
(p = 0.006). No significant temporal trend in the forest floor biomass was
detected at the three study sites (p ≥ 0.088, Table 5). Annually, litterfall
represented approximately 7.2 % (sugar maple), 2.4 % (balsam fir) and
1.9 % (black spruce) of forest floor biomass (Table 2). Assuming the
steady state of the forest floor, the average residence time of litter biomass
in the forest floor could be estimated by dividing the total organic matter
pool by the annual litterfall (Malhi et al., 1999; Olson, 1963), which
corresponded to a residence time of approximately 14, 43 and 52 years in
the sugar maple, balsam fir and black spruce sites, respectively.

4. Discussion

4.1. Litterfall production

Based on our estimations, temperate deciduous forests produce twice
as much litter as boreal softwood forests and stand composition could
explain most of the differences. Our litterfall quantification is consistent
with values from previous studies on temperate and boreal forests of the
world (Table 6); earlier studies revealed that temperate forests produce
approximately 4.0 Mg ha− 1 of litterfall annually compared to 2.6 Mg ha− 1

for boreal forests. Broadleaf tree species, for which annual litterfall usually
represents the entire foliage stock, produce more litterfall than coniferous
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Fig. 2. Seasonality of litterfall biomass (Mg ha− 1) at the sugar maple, balsam fir, and black spruce sites.
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species that lose only a part of their total foliage throughout the year.
Due to the absence of site replications, relationships between litter-

fall production and any gradient between sites could not be tested. Yet,
based on the general characteristics of each stand, litterfall production
does not seem to be directly related to the temperature and precipitation
gradients among our study sites, nor to the foliage of live trees or stand
basal area. We suppose that litterfall production at these sites is thus
predominantly governed by stand composition. However, for forests
with similar species compositions, climate can be an important factor
that influences the amount of litterfall, given its direct influence on
forest productivity (Bhatti and Jassal, 2014; Jevon et al., 2022; Liu et al.,
2004), a factor not tested here.

Litterfall evolution is related to the aboveground biomass of live
trees in both conifer sites. In contrast, in the broadleaf site, changes in
forest composition and structure are apparently the main drivers,
partially invalidating our second hypothesis. Indeed, our results
revealed that litterfall increased over the study period by 69.4 % in the

sugar maple site and 30.9 % in the balsam fir site. The increase in the fir
site appeared to be linked to the increased aboveground biomass of live
trees (19.0 % over the same period), whereas the increase in the maple
site occurred despite stable live tree biomass over the same period. In
this case, the increase in litter production over time (particularly from
1993 to 2006) was apparently linked to the rise in foliage production
and crown density associated with compositional and structural changes
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The sigmoid function is Y = a / (1 + exp((b-x)/c)), where x corresponds to the number of days of the year (DOY) from June 1st (day 152) to May 31st of the following
year (day 516).

Table 3
Estimates of aboveground biomass of live (including foliage) and dead standing
trees (Mg ha− 1,± S.E.) at the sugar maple, balsam fir, and black spruce sites. The
p-values relate to significance of the linear trends over time.

Site Year Aboveground biomass of trees
(Mg ha− 1)

Live Dead

Sugar maple 1986 207.4 ± 16.3 7.4 ± 3.0
1989 213.1 ± 17.5 6.8 ± 3.0
1996 210.3 ± 15.2 23.8 ± 10.9
2001 197.3 ± 16.3 34.7 ± 8.9
2006 191.2 ± 15.2 31.9 ± 7.0
2011 197.7 ± 15.4 35.0 ± 6.4
2016 203.9 ± 16.5 36.9 ± 6.9
p-value 0.729 < 0.001

Balsam fir 1998 155.3 ± 5.8 2.4 ± 0.8
2003 169.9 ± 6.0 7.5 ± 1.0
2008 182.4 ± 5.8 15.4 ± 1.8
2013 193.9 ± 6.0 22.5 ± 2.8
2018 203.3 ± 6.3 28.1 ± 3.0
p-value < 0.001 0.014

Black spruce 1996 129.3 ± 4.9 3.0 ± 0.7
2001 135.9 ± 5.0 9.4 ± 1.0
2006 136.9 ± 5.2 13.4 ± 1.3
2011 137.3 ± 5.3 18.7 ± 1.4
2016 131.0 ± 5.2 25.9 ± 1.8
p-value 0.902 0.040

Table 4
Estimates of woody debris biomass (Mg ha− 1, ± S.E.) in the sugar maple, balsam
fir, and black spruce sites. The p-values relate to significance of the linear trends
over time.

Site Year Woody debris biomass
(Mg ha− 1)

Sugar maple 2003 38.4 ± 11.5
2022 19.9 ± 5.1
p-value 0.084

Balsam fir 2003 19.4 ± 2.1
2022 24.2 ± 9.1
p-value 0.841

Black spruce 2003 4.9 ± 1.0
2022 7.3 ± 0.6
p-value 0.412

Table 5
Estimates of forest floor biomass (Mg ha− 1, ± S.E.) in the sugar maple, balsam
fir, and black spruce sites. The p-values relate to significance of the linear trends
over time.

Site Year Forest floor biomass
(Mg ha− 1)

Sugar maple 1993 49.6 ± 3.5
1998 54.5 ± 3.0
2008 57.4 ± 3.7
2016 52.5 ± 2.8
p-value 0.588

Balsam fir 1998 122.2 ± 9.5
2007 132.2 ± 4.2
2017 133.0 ± 4.6
p-value 0.088

Black spruce 1996 94.5 ± 4.4
2006 100.8 ± 1.2
2016 100.4 ± 4.1
p-value 0.353
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following the historical sugar maple decline in this ecosystem; the
American beech population responded to sugar maple decline by
doubling its pole cohort density over 10 years (Duchesne et al., 2005,
2010).

Our results revealed a high interannual variability in litterfall pro-
duction. Several studies have identified climate as a significant factor
influencing litterfall dynamics (Neumann et al., 2018; Portillo-Estrada
et al., 2013; Wang et al., 2021; Zhang et al., 2014). Climate influences
the production of foliage by affecting productivity and, thus, litterfall
production. The interannual variability in litterfall was higher in the
balsam fir and black spruce sites than in the sugar maple site; this sug-
gests that litter production in coniferous sites may be more sensitive to
climate fluctuations. Reich et al. (2014) showed a more substantial ef-
fect of climate on biomass allocation on gymnosperms than angio-
sperms. Identifying climatic factors influencing the interannual
variability of litterfall production and possible links with annual tree
growth are beyond the scope of the present study but merit examination
in future analyses. Nevertheless, the high interannual variability
observed in our estimation of litterfall underlines the importance of
long-term studies on litterfall production to obtain a representative
understanding of litterfall dynamics and its driving factors. The inter-
annual variation of litterfall can introduce biases in annual estimates,
mainly when the study period is relatively short.

4.2. Anomalous years

Our results support the hypothesis that climatic anomalies alter the
seasonality and amount of annual litterfall. Indeed, some years strongly
deviated from the generally consistent seasonality. Between August 2nd
and September 16th, 2009, litterfall was particularly high in the sugar
maple site, while meteorological data revealed abnormally dry and cold
weather conditions. Therefore, these weather conditions could have
been the underlying factor contributing to the early litterfall in 2009 in
the sugar maple site. Wang et al. (2021) showed that temperature is an
important factor in controlling the litterfall seasonality. Some studies
also showed that drought stress, particularly in summer, increases

litterfall (Andivia et al., 2018; Estiarte and Peñuelas, 2015). This leaf
loss is seen as a conservation strategy of trees to prevent transpiration
losses (Limousin et al., 2009).

Our results suggest that the early litterfall in 2012 in the balsam fir
site could be attributed to a known drought event: indeed, July 2012 was
documented as the driest summer month (July-August-September)
observed in this area in four decades, and it was reported that this
drought caused damage to balsam fir needles and their premature
shedding (Houle et al., 2016). We also suspect that the 2002 and 2010
droughts, occurring after the growing season, may be the leading cause
of the early and more pronounced litterfall during subsequent growing
seasons, specifically in 2003 and 2011. However, further analyses are
necessary to confirm the underlying processes. Accordingly, previous
investigations demonstrated that the climate in a given year has an
impact on litter production the following year, especially in coniferous
forests (Jevon et al., 2022; Martínez-Alonso et al., 2007; Starr et al.,
2005). Lastly, we hypothesize that the early litterfall observed in 2006
was associated with the dry and cold weather observed during this year.
Other studies in coniferous forests also observed peaks of litterfall
related to cold temperatures and droughts in coniferous sites (Bhatti and
Jassal, 2014; Houle et al., 2016; Portillo-Estrada et al., 2013).

Finally, our results suggest that strong winds in June 2001 in the
black spruce site generated a higher and earlier litterfall. It is plausible
that trees were more susceptible to these strong winds in spring when
leaves are younger and possibly more fragile. Portillo-Estrada et al.
(2013) also noted premature needle litterfall in coniferous trees due to
strong wind events.

4.3. Modelling litterfall seasonality

We found that litterfall seasonality varies according to forest type
(deciduous, mixed, and coniferous), which is consistent with our hy-
pothesis. The rise in litterfall in autumn was higher in the balsam fir site
than the black spruce site, probably due to the presence of paper birch
(7 %), which sheds all its leaves during this period. Litterfall seasonality
in this study is consistent with those found in other studies in temperate

Table 6
Average litterfall biomass estimations (Mg ha− 1 yr− 1) reported for temperate and boreal forest ecosystems, from this study and from the literature.

Climatic zone Cover type Region Litterfall
(Mg ha− 1 yr− 1)

Reference

Temperate Coniferous United States 5.9 Abee & Lavender, 1972
Temperate Deciduous Belgium 5.5 Staelens et al., 2011
Temperate Deciduous Eurasia 4.4 Liu et al., 2004
Temperate Coniferous United States 4.3 Grier & Logan, 1977
Temperate Deciduous Global 4.0 Zhang et al., 2014
Temperate Deciduous Canada 3.8 This study
Temperate Deciduous France 3.7 Lebret et al., 2001
Temperate Coniferous Canada 3.6 Keenan et al., 1995
Temperate Coniferous United States 3.6 Edmonds & Murray, 2002
Temperate Deciduous United States 3.5 Newman et al., 2006
Temperate Coniferous Eurasia 3.2 Liu et al., 2004
Temperate Coniferous Canada 3.0 Turner & Singer, 1976
Temperate Deciduous United States 2.9 Yanai et al., 2012

Mean 4.0

Boreal Coniferous Global 3.4 Zhang et al., 2014
Boreal Deciduous Canada 2.8 Chen et al., 2017*
Boreal Coniferous Canada 2.8 Chen et al., 2017*
Boreal Mixed Canada 2.7 Chen et al., 2017*
Boreal Coniferous Eurasia 2.7 Liu et al., 2004
Boreal Coniferous Canada 2.5 This study**
Boreal Deciduous Eurasia 2.3 Liu et al., 2004
Boreal Coniferous Canada 1.2 Bhatti & Jassal, 2014

Mean 2.6

Overall mean 3.4

* Excluding young stands of 7- and 15-year-old.
** Mean of the balsam fir and black spruce sites.
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and boreal forests (Portillo-Estrada et al., 2013; Zhang et al., 2014).
Many studies associate litterfall peaks in autumn with temperature,
photoperiod and water stress (Delpierre et al., 2016; Kramer et al., 2000;
Piao et al., 2019). The litterfall seasonality in coniferous forests can be
explained by the characteristics of evergreen forests, where leaf shed-
ding occurs more evenly throughout the year, with a small peak of lit-
terfall in autumn (Zhang et al., 2014).

Understanding the litterfall seasonality provides valuable insights
into nutrient cycling, C dynamics and, therefore, C budget (Craig et al.,
2022; DeForest et al., 2009; Krishna and Mohan, 2017; Li et al., 2010).
These results also highlight the importance of collecting litter
throughout the year. Indeed, collecting litter for only part of the year
could underestimate or overestimate the amount of annual litterfall;
collection during autumn only captures on average 72 % of the total
litterfall in a given year (Jevon et al., 2022). To our knowledge, our
study is the first to provide an explicit mathematical model of litterfall
seasonality for temperate and boreal forests in eastern North America.
This seasonality could be incorporated into C budget models and Dy-
namic Global Vegetation Models (DGVMs), as seasonality is a crucial
factor to consider when describing C dynamics in forest ecosystems
(Portillo-Estrada et al., 2013; Zhang et al., 2014).

4.4. Comparisons with ecosystem pools

Our results in the sugar maple and balsam fir sites suggest that an
increase in litterfall does not lead to an increase in forest floor biomass.
For the balsam fir site, the apparent stability of the forest floor biomass
was somehow expected given the long residence time of litter (43 years)
relative to the time span between our two soil samplings (22 years).
However, considering the high litterfall increase (69.4 %) at the maple
site as well as its shorter litter residence time in the forest floor (14
years), the forest floor biomass should have increased substantially,
assuming no changes in litter quality and constant decomposition rates.
It suggests that the decomposition process of litterfall had accelerated
concurrently with the litterfall increase, but further investigations
should be conducted to confirm the underlying processes. An increase in
the decomposition rate could limit the net accumulation of organic
matter in the forest floor. The decomposition of organic matter is
controlled by climate (mainly temperature and humidity), litter quality
and soil organisms (Augusto et al., 2015; Craig et al., 2022; Krishna and
Mohan, 2017). Coniferous sites have a litter that generally decomposes
more slowly than deciduous sites due to the chemical properties of their
tissues, soil moisture, and unfavorable soil conditions for certain effec-
tive decomposers (Augusto et al., 2015; Bélanger et al., 2019; Krishna
and Mohan, 2017). On a global scale, the average residence time for
litter is around 5 years (Matthews, 1997), varying from a few months in
tropical forests with very high decomposition rates to over 6 decades in
boreal evergreen forests with very slow decomposition rates (Olson,
1963). Thus, forest soils in coniferous sites generally have a thicker layer
of organic matter, less efficient nutrient recycling and, consequently,
soils characterized by marginal fertility (Augusto et al., 2015).

The aboveground biomass of dead standing trees was higher in the
sugar maple site than in both coniferous sites, possibly linked to the
historical decline of sugar maple in this ecosystem. Yet, this difference
was not reflected in the biomass of downed woody debris: indeed, this
pool was similar between the sugar maple and the balsam fir sites. From
2003–2022, the biomass of woody debris remained stable in the three
sites despite a significant increase in the aboveground biomass of dead
standing trees over the study period. This is contrary to the expected
proportionality of these two pools. In the future, the increase in the
aboveground biomass of dead standing trees should result in an increase
in the biomass of woody debris in the three sites studied because dead
snags will eventually fall to the ground. However, our results reveal a
high variability associated with the measurement of woody debris
biomass, limiting the detection of a statistically significant difference.
Consequently, quantifying and assessing the temporal evolution of

woody debris remains challenging and should likely involve a larger
number of transects per plot.

4.5. Comparisons of litterfall estimations with reference values

The IPCC (2003) proposes a value of 0.37 g of C per gram of dry
biomass for the forest floor (L, F and H horizons, based on Smith and
Heath (2002)) as default value for Tier 1 methodology. In contrast, the
average of our three study sites gives a value of 0.46 ± 0.01 g of C per
gram of dry litter in the forest floor, suggesting that local data is pref-
erable over using default values. An underestimation could lead to an
inaccurate estimation of C stocks in forest ecosystems, compromising the
accuracy of C balance assessments.

Conversely, our estimates of the organic C concentration of litter-
fall were close to the assumption used in the Carbon Budget Model of
the Canadian Forest Sector (CBM-CFS3), used for the international
reporting of the C dynamics of Canadian managed forests. The CBM-
CFS3 model uses a default conversion factor of 0.50 g C/g dry mat-
ter for all live and dead organic matter pools, including the litterfall
and forest floor (Kurz et al., 2009). In our study, the organic C con-
centration of litterfall was 0.48 ± 0.002 g C/g dry matter for the sugar
maple site, and 0.50 ± 0.002 g C/g dry matter for both coniferous
sites.

On the other hand, our results suggest that CBM-CFS3 un-
derestimates annual litter production. Kurz et al. (2009) ran the
CBM-CFS3 model on a dataset of 427 plots dominated by softwood
species and 125 plots dominated by broadleaf species. The data for
the softwood plots were obtained from a forest ecosystem C database
(Shaw et al., 2005), encompassing a variety of species from different
regions across Canada. The broadleaf plots were primarily charac-
terized by trembling aspen (Populus tremuloides Michx.) and were
sourced from the Ontario Terrestrial Assessment Program. Estimates
of litter production from the CBM-CFS3 model estimated that annual
litter production was 1.17 ± 0.59–1.86 ± 0.58 Mg C ha− 1 in decid-
uous forests, and 0.30 ± 0.21–0.55 ± 0.21 Mg C ha− 1 in coniferous
forests (Kurz et al., 2009). Based on our estimation of litterfall in our
three study sites and the conversion factor of CBM-CFS3 (0.50 g C/g
dry matter), the annual litter production would be estimated at
1.90 Mg C ha− 1 in the sugar maple, 1.50 Mg C ha− 1 in the balsam fir,
and 0.95 Mg C ha− 1 in the black spruce site.

Nevertheless, our leaf turnover estimates are coherent with default
values of CBM-CFS3, considering the phenomenon of leaf resorption and
the errors associated with the estimations of aboveground biomass by
allometric equations. CBM-CFS3 considers that the annual leaf renewal
rate for broadleaf forests is 95 %, while for coniferous forests, this rate
varies from 5% to 15%, depending on the ecozone (Kurz et al., 2009). In
addition, the model assumes that 100 % of dead foliage transfers to the
soil dead organic matter pool (Kurz et al., 2009). We calculated a foliage
turnover rate of 76.0 % for the broadleaf site and 14.3–20.3 % for the
coniferous sites. Van Heerwaarden et al. (2003) estimated that autumnal
foliage mass losses can be as high as 40 %. Their study estimates an
average literature value of changes in leaf mass of 21 %, based on the
first global dataset of leaf mass loss (126 records).

5. Conclusion

Based on our estimations, temperate deciduous forests produce twice
as much litter as boreal softwood forests; stand composition could
explain most of the differences. Litterfall evolution was related to the
aboveground biomass of live trees in both conifer sites. In contrast, in
the broadleaf site, changes in forest composition and structure were
apparently the main drivers. Moreover, we found that litterfall season-
ality varied by forest type, and we speculate that climatic anomalies
altered the annual and seasonal patterns of litterfall. In addition to these
climatic extremes, the high interannual variability of litterfall suggests
that climate is the main influencing factor. Further analyses should,
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therefore, be carried out to more specifically identify the climatic factors
responsible for these variations and the possible links with annual tree
growth. While our results indicate no impact of increasing litterfall on
forest floor biomass, further investigations should be conducted to
enhance our understanding of the relation between litterfall and forest
floor biomass in forest ecosystems, considering litter quality and po-
tential changes in decomposition rates.

Finally, we suggest that reference values from the literature used for
national greenhouse gas inventories underestimate annual litterfall
production and forest floor C stock in temperate and boreal forests.
Incorporating our estimations in those models can increase the accuracy
of predictions. Although our study is limited to three forest sites, it is one
of the few that provides long-term data at high sampling frequencies,
enabling us to obtain precise estimates of litterfall and thus improve our
understanding of C dynamics in temperate and boreal forest ecosystems.
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Teplitsky, C., Réale, D., Dochtermann, N.A., Garamszegi, L.Z., Araya-Ajoy, Y.G.,
2020. Robustness of linear mixed-effects models to violations of distributional
assumptions. Methods Ecol. Evol. 11, 1141–1152. https://doi.org/10.1111/2041-
210X.13434.

Shaw, C., Bhatti, J., Sabourin, K.J., 2005. An Ecosystem Carbon Database for Canadian
Forests. Natural Resources Canada, Canadian Forest Service 403.

Shen, G., Chen, D., Wu, Y., Liu, L., Liu, C., 2019. Spatial patterns and estimates of global
forest litterfall. Ecosphere 10. https://doi.org/10.1002/ecs2.2587.

Sitch, S., Huntingford, C., Gedney, N., Levy, P.E., Lomas, M., Piao, S.L., Betts, R.,
Ciais, P., Cox, P., Friedlingstein, P., Jones, C.D., Prentice, I.C., Woodward, F.I., 2008.
Evaluation of the terrestrial carbon cycle, future plant geography and climate-carbon
cycle feedbacks using five Dynamic Global Vegetation Models (DGVMs). Glob.
Change Biol. 14, 2015–2039. https://doi.org/10.1111/j.1365-2486.2008.01626.x.

Smith, J.E., Heath, L.S., 2002. A model of forest floor carbon mass for United States forest
types. U.S. Department of Agriculture, Forest Service, Northeastern Research Station.

Soil Classification Working Group, 1998. The Canadian system of soil classification, 3rd
ed. ed. Publication. Agriculture and Agri-Food Canada, Ottawa, ON.

Staelens, J., Nachtergale, L., De Schrijver, A., Vanhellemont, M., Wuyts, K., Verheyen, K.,
2011. Spatio-temporal litterfall dynamics in a 60-year-old mixed deciduous forest.
Ann. For. Sci. 68, 89–98. https://doi.org/10.1007/s13595-011-0010-5.

Starr, M., Saarsalmi, A., Hokkanen, T., Merilä, P., Helmisaari, H.-S., 2005. Models of
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