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Abstract: Ongoing rapid climatic changes are expected to modify the structure, composition, and
functioning of forest ecosystems. Studying the influence of such changes on biogeochemical processes
is thus crucial for a fuller understanding of forest response to climate change. In a temperate forest of
Quebec, Canada, we emulated climate change by warming the acidic, nutrient-poor, and dry soils
of two mixedwoods by 3 to 4 ◦C using heating cables. Leaf-litter mass loss of the local red maple,
sugar maple, large-tooth aspen, and American beech were monitored to assess the ability of these tree
species to condition boreal soils in the context of their northward migration under climate change.
We hypothesized that decomposition rates of all leaf-litter types would be decreased equally by
warming due to a drying effect of the soil and its surface, which is detrimental to microbial biomass
and activity. Our results suggest differences in decomposition rates between tree species as follows:
sugar maple > red maple ≥ American beech = large-tooth aspen. There was no indication of a
slower turnover in these marginal soils compared to other studies conducted on typical hardwood
soils. Moreover, no difference in litter mass loss was detected between treatments, likely due to
a drying effect of the soil warming treatment. Results imply that climate change has a marginal
influence on leaf-litter dynamics of temperate tree species on soils that are typical of the boreal forest.
However, some variables that could play an important role on litter decomposition in the context
of climate change were not measured (e.g., plant phenology, understory composition and density,
microbes) and thus, uncertainties remain. The soil drying effect by warming also needs to be further
documented and modeled. The study year was characterized by significant periods of water stress
but was not considered an exceptional year in that regard. It would be relevant to test for leaf-litter
dynamics during dry and wet summers and verify again our initial hypothesis of decreased leaf-litter
decomposition rates due to soil warming/drying.

Keywords: climate change; temperate forests; acidic soils; warming; drying; leaf litter dynamics

1. Introduction

Forests have adapted to gradual climate change over millennia, but the projected
rapid increase in air temperature and decreased water availability will likely exacerbate the
vulnerability of forest ecosystems as fires, insect infestations, and diseases become more
prevalent [1]. Drought events will also exert adverse effects on water use by trees [2] and, in
most situations, on forest carbon uptake and growth [3]. The physiological constraints that
are induced by climate change will force tree species to adapt locally or find new ecological
optima by shifting their ranges to higher latitudes and elevations [4–6].

Models that simulate rates of tree species migration are calibrated to regional climates
and seed dispersal traits, but they consider neither reorganization of ecological and biogeo-
chemical interactions nor feedback cycles between tree species and between tree species
and site conditions [7]. For example, positive feedback switches [8] imply that certain plant
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species have generated conditions in the resident environment (e.g., soil chemical composi-
tion and allelopathic toxins through their litters) to their benefit, but these conditions are
likely to decrease the colonizing success of migrating species [9,10]. Boreal (acidic) forest
soils, in particular, could nutritionally constrain the northward migration of temperate de-
ciduous tree species, if the latter are not able to (re)condition the soils to adequate nutrient
levels with their generally higher quality litters compared to conifers [11,12].

Several experiments have tested the effects of warmer temperatures and extended
periods of biological activity on ecosystem functioning using various methods (e.g., open-
top and active heating chambers, infrared lamps). Meta-analyses suggest that warming
increases N and C cycling as well as plant biomass production and foliar nutrition in
various ecosystems, including forests [13–16]. Litter decomposition is also an important
biogeochemical process, affecting soil C as well as nutrient availability [17]. Understanding
the influence of soil warming and extension of periods with soil biological activity on litter
decomposition is thus crucial for a full understanding of forest response to climate change.
Based on the meta-analysis of Wu et al. [18], only a few studies have been performed
regarding effects of experimental soil warming on leaf-litter decomposition in temperate
deciduous tree species under field conditions. These studies suggest no change in the
rates of leaf-litter decomposition due to soil warming, yet Wu et al. [18] called for more
manipulative experiments under various site conditions, including monitoring of other
factors such as moisture availability.

We tested decomposition rates of leaf litter from four common deciduous tree species
of northeastern North America under experimental soil warming in an eastern Canadian
temperate forest at its northern limit. This experiment was specifically conducted in
mixedwood stands with soils similar to acidic boreal soils that deciduous tree species
will encounter in the context of their northward migration under climate change. We
hypothesized that decomposition rates of leaf litter would be decreased by warming due to
a drying effect on the soil and its surface, which is expected to be detrimental to microbial
biomass and activity, and that there would be no difference in response to soil warming
between the study species. We also hypothesized that mass loss would be less than that at
more southern deciduous stands due to differences in both climate and site quality.

2. Materials and Methods
2.1. Study Site

The study was conducted at the Station de biologie des Laurentides (SBL) of Université
de Montréal in St. Hippolyte, Québec (45◦59′20′′ N, 74◦00′19′′ W). The forest is mostly
composed of sugar maple (Acer saccharum), red maple (Acer rubrum), American beech
(Fagus grandifolia), yellow birch (Betula alleghaniensis), white birch (Betula payrifera), large-
tooth aspen (Populus grandidentata), eastern white cedar (Thuja occidentalis), white pine
(Pinus strobus), and red spruce (Picea rubens) [19]. The site is less than 50 km from the
temperate mixedwood, and consequently, stands that are dominated by tree species typical
of the boreal forest such as balsam fir (Abies balsamea) and white spruce (Picea glauca) are
quite common. Mean annual temperature at SBL is 4.9 ◦C, mean degree-days are 2845 (base
5 ◦C), and mean yearly precipitation is 1270 mm [20]. Thirty percent of precipitation falls as
snow. Parent material is sandy loam glacial till with a chemical signature that was acquired
from a mixture of local anorthosite and felsic rocks from the Precambrian Shield [21]. Soils
are Orthic Humo-Ferric and Ferro-Humic Podzols with a moder forest floor [22].

2.2. Experimental Design

Litter mass loss under control and warming was studied in two stands situated at
150 m from one another. One stand was composed mainly of balsam fir, red maple, and
white birch, while the other was composed of white cedar, red maple, and white birch
(see basal area and litterfall composition in Tables 1 and 2, respectively). Due to a strong
presence of conifers, both stands were selected given that they had more acidic and drier
forest floors than those of typical deciduous forests. Consequently, soil properties in these



Soil Syst. 2023, 7, 14 3 of 16

plots are closer to those measured in boreal soils [12,23]. Each stand (block) included five
paired plots of 1.8 m × 1.8 m each, with one plot serving as the control and the other
being heated with twin conductor 120 V heating cables (RX Roof & Gutter De-Icing Cables,
Danfoss Canada, Mississauga, ON). General soil chemical properties are presented for each
stand in Table 3.

Table 1. Total basal area of the two forest stands measured in 400 m2 quadrats (20 m × 20 m) and
contributions (%) of basal area by conifers and deciduous tree species.

% of Basal Area

Total Basal Area (m2 ha−1) Conifers Deciduous

Fir-maple-birch 77.2 33.3 66.7

Cedar-maple-birch 85.8 45.4 54.6

Table 2. Contributions (%) of tree species to the L layer in the two forest stands.

Maple spp. Birch spp. Large-Tooth Aspen American Beech White Cedar Needles

Fir-maple-birch 48.8 (22.4) 38.8 (23.0) 4.14 (8.63) 0.00 (0.00) 0.00 (0.00) 8.21 (4.12)
Cedar-maple-birch 45.1 (11.5) 14.8 (10.1) 1.15 (1.24) 0.09 (0.20) 38.8 (7.08) 0.00 (0.00)

Note: Litterfall composition was characterized for each pair of plots by collecting the L-layer in a 1 m2 quadrat
(1 m × 1 m) just outside the paired plots. Material was air-dried for several days, sorted by species, and then
weighed. For the species of Acer and Betula, the relatively advanced stage of decomposition of some leaves made
it impossible to differentiate between species. Thus, leaves were grouped as ‘Maple’ and ‘Birch’ spp. Similarly,
balsam fir and eastern hemlock needles were difficult to differentiate. Thus, they were grouped as ‘Needles’.

Table 3. Typical soil chemical composition under both forest stands.

pH C N C:N PO4-P Ca Al
______ % ______ ______ mg Per kg of Soil ______

Forest floor Fir-maple-birch 4.88 (0.13) 37.9 (7.16) 1.86 (0.32) 20.4 (2.00) 77.7 (59.8) 3589 (1217) 995 (696)
Cedar-maple-birch 4.48 (0.33) 44.4 (1.41) 2.12 (0.05) 21.0 (0.93) 88.8 (35.2) 3779 (547) 329 (64.7)

Upper B horizon Fir-maple-birch 5.25 (0.22) 9.36 (4.08) 0.47 (0.12) 19.3 (3.28) 0.37 (0.18) 250 (74.3) 2105 (187)
Cedar-maple-birch 4.73 (0.29) 10.1 (2.82) 0.49 (0.11) 20.5 (2.27) 0.46 (0.29) 374 (160) 1863 (325)

Note: One forest floor sample and one upper B-horizon (i.e., uppermost 20 cm) sample were collected from the
1 m2 quadrat (1 m × 1 m) just outside the paired plots to collect the L-layer (Table 2). The samples were air-dried
in the laboratory and sieved through a 2 mm mesh to remove any coarse fragments. Bulk pH was measured in
water using a 1:5 soil to water ratio for the forest floor samples and a 1:2 ratio for the mineral soil. Total C and
N were determined on finely ground samples by high-temperature combustion, followed by infrared (C) and
thermal conductivity (N) detection (EA 1108 CHNS-O Analyzer). Mehlich 3 extraction (Ziadi and Tran 2007) was
performed on sieved samples to estimate soluble reactive PO4

3− as well as exchangeable Ca2+ and Al3+. Levels of
PO4-P in the extracts were determined colorimetrically (molybdenum blue, Technicon Auto-Analyzer), whereas
exchangeable Ca and Al were determined by atomic absorption/emission (AA-1475 Varian Spectrometer).

In heated plots, 24 m of cables were buried in a slalom pattern (~15 cm spacing) in
September 2017 at the forest-floor–mineral-soil interface (~12 cm). Mechanical timers with
15 min increments were set to warm the soil for 15 min every hour during nighttime,
whereas soils were heated only 3 × 15 min during daytime to maintain the temperature
differential with the control plots, but not to increase it. Timers were continually adjusted to
account for photoperiod. In each plot, soil temperature was measured every 15 min using a
temperature probe inserted at a 10 cm depth and connected to a data logger (WatchDog
1650 Micro Station, Spectrum Technologies, Aurora, IL, USA). The (timer) method has the
advantage of providing a known and equal amount of energy in each plot. This avoids
any potential bias that can occur with electronic systems (set for a desired temperature
differential) because of improper monitoring of temperature in the plots (e.g., insufficient
number of probes to capture variation or inconsistent placement, i.e., relative distance of
temperature probes with the heating cables). As shown in Figure 1, the warming treatment
created a consistent temperature differential of 3 to 4 ◦C with the control plots.
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Figure 1. Soil temperatures of warmed and control plots in 2021 for the fir–maple–birch stand (upper
panel) and cedar–maple–birch stand (lower panel). Each line is the mean of all plots in both stands
(5× warmed plots; 5× control plots). The differential line was obtained by calculating the difference
between warmed and control plots of each paired plots and then computing the mean of these
individual lines (5×). The general mean of the differential data line is shown in the panel.

For this specific experiment, we artificially heated the soils until 1 December 2020 and
again starting on 1 April 2021. This delayed snow cover in the fall by 15 to 20 days and
completed snowmelt in the spring 15 to 20 days sooner (Figure 2). As a whole, artificial
heating extended the snow-free period by over a month, which is a reasonable scenario of
climate change for northeastern North America [24].
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Figure 2. Snow cover on 1 December 2020 in the warmed (a) and control (b) plots of one paired plot.

2.3. Litterbags

Sugar maple, red maple, American beech, and large-tooth aspen leaves were collected
in nearby hardwoods during the first week of October 2019. Samples were collected directly
from branches of mature maple and beech trees by using a pole pruner, whereas freshly
fallen aspen leaves were collected from the forest floor. Litter samples were quickly stored
in sealed plastic bags in a frost-free freezer (−32 ◦C). The next autumn, leaves were taken
out of the freezer and placed on paper to stabilize in the air (~21 ◦C) for 16 h. Litterbags
were then prepared by placing 1.5 to 2.0 g of leaves in 20 cm × 20 cm size and 1 mm
mesh fiberglass bags. Each litterbag contained 4 to 5 leaves, depending upon size. A
total of 800 litterbags were prepared, i.e., 200 per species. Litterbags were numbered with
aluminum tags and then placed on the forest floor surface in the two stands. Ten subsamples
of five leaves of each species were also weighed after partial air-drying (16 h) and then dried
at 65 ◦C for 72 h and reweighed to determine a dry mass conversion factor for calculating
initial litter dry mass in the bag. The ratio between measured dry mass of the litter in the
bag and initial dry mass (× 100) was used as a proxy of mass loss (%).

Ten litterbags per tree species were placed in each plot (10× in heated plots, 10× in
control plots) on 6–7 October 2020, as a means of simulating litterfall. The litterbags were
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then collected at different intervals over about one year, i.e., 13 November 2020, 3 May, 7
June, 5 July, 2 August, and 30 August, 2021. Since we had 10 litterbags per plot, duplicates
were collected at four sampling dates. Upon arrival in the laboratory, the litter was removed
from the bags and separated from soil and living or dead organisms. The litter from each
bag was first oven-dried at 65 ◦C for 72 h before being weighed. As a reference material, we
also placed five nylon bags of green tea (blend of sencha and matcha, Kirkland Signature,
Costco Wholesale, Issaquah, WA, USA) in each plot. Twenty bags were prior weighted to
validate their 150 g commercial mass. The five green tea bags were collected on the first
five sampling dates only and dried with their bags as indicated above.

2.4. Other Environmental Variables

Soil volumetric water content (VWC) was monitored to a depth of 12 cm, thus captur-
ing both the forest floor and upper mineral soil. In total, we measured VWC on 11 dates in
2021 using Time Domain Reflectometry [25]. To do so, a FieldScout TDR 300 Soil Moisture
Meter (Spectrum Technologies) was used. Each measurement consisted of the mean of
twelve readings taken at random locations within the plot. Sampling at twelve random
locations within the plot was done to better capture the variability in the plots, which can be
larger than the measurement error (3% volumetric water content) introduced by the meter.
From our experience, this is a more robust way to measure soil VWC compared to having
just a couple of probes installed ‘permanently’ within each plot. Values were thereafter
corrected, based upon an equation (VWCcorrected = 1.19 × VWCmeasured + 2.10, R2 = 0.97)
that was developed from VWC readings of a dozen forest floor, organic and sandy materials
(including SBL samples) that were first wetted to saturation and progressively dried in an
oven at 65 ◦C until a constant weight and then at 105 ◦C as a final drying stage (N. Bélanger,
unpublished data).

To assess NH4-N and NO3-N activity in the soil, we used Plant Root Simulator (PRS)
probes (Western Ag Innovations, Saskatoon, SK, Canada). We placed (vertically) four pairs
of cation and anion exchange probes into the forest floor at random locations within
each plot. They were installed in mid-June 2021 and removed in mid-July, for a total
of 5 weeks. Probes were then cleaned with deionized H2O and stored in the fridge in
zip-seal bags until analysis. Probes were eluted for 1 h with 0.5 M HCl. NH4-N and
NO3-N were then determined colorimetrically by continuous flow analysis (AutoAnalyzer
3, Seal Analytical, Mequon, WI, USA). In contrast to conventional soil extraction methods
that provide a measurement of soil nutrient availability at a particular point in time, the
probes are frequently used in forest ecology research where the PRS data represent dynamic
measurements of ions flowing through the soil over time [20,26].

2.5. Data Analysis

Data were analyzed using the statistical module of SigmaPlot 12.0 (Systat Software,
Chicago, IL, USA) and SPSS v.27 (IBM, Armonk, NY, USA). First, the proportion of mass
remaining with time was fitted for all plots and species to the simple exponential decay
model (X = e−kt), where X is the proportion of initial mass remaining at time t in days
and k is the decomposition constant. Second, linear mixed-effect models were carried
out to test the effect of soil warming (fixed factor) on indicators of litter mass loss using
forest stands as a random factor. We investigated all sampling dates individually when
testing for soil warming effects. We assumed that mass remaining after 31 and 202 days
of incubation, i.e., the first and second collections of litterbags before snow cover and
after snowmelt, respectively, corresponds mostly to a nutrient-leaching phase. We also
tested mass remaining after 237, 265, 293, and 321 days, which likely includes a microbial
catabolism phase. Third, we used decomposition constants (k) that were derived from the
decay models as a means to test differences between species and between soil treatments
within species. To do this, we first tested whether there was a blocking effect by comparing
k values between the fir and cedar stands for each species and soil treatment using a
simple t-test. No test detected a blocking effect, which allowed us to compare all 8 groups
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(8 species × 2 soil treatments) concomitantly with a one-way ANOVA. Fourth, soil VWC
was compared between warmed and control plots using a paired t-test, where input was
the means of warmed plots and the means of control plots computed for each sampling
date. Finally, we carried out a linear mixed-model to test for differences in NO3-N and
NH4-N (PRS data) between soil treatments (fixed factor) using forest stands as a random
factor. For all statistical models, normality of residuals was tested (Shapiro–Wilk test), and
logarithmic transformations were performed when necessary. Differences, if present, were
determined with Tukey’s HSD.

3. Results and Discussion

Mass remaining is presented by tree species and as a function of soil treatment in
Figure 3, whereas mass remaining of green tea is presented in Figure 4 along with simplified
data from Figure 3. Table 4 reports k values for the five species under both warmed and
control soils. Overall, results suggest that litter mass loss varies as a function of species
following a sequence that was expected from the existing literature, but artificial heating of
the soil did not lead to differences in mass loss of the different litters, with the exception of
the green tea litter, which suggests an acceleration of decomposition.
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Figure 3. Mass remaining of leaf litter per tree species (species indicated in panels) in warmed and
control plots of both stands. The rectangle spans the 25th and 75th percentiles and the horizontal and
dashed lines inside the box are the median and mean, respectively. Whiskers indicate the 5th and
95th percentiles. Linear mixed-effect models revealed no significant change in mass loss (P > 0.05)
due to artificial warming for any of the species tested during the different sampling dates, and as
such, no statistical results are shown.
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Figure 4. Mass remaining of green tea litter (boxes) in comparison to tree species (LTA is large-tooth
aspen, AB is American beech, RM is red maple, and SM is sugar maple). For tree species, a simple
mean of the warmed and control plots in Figure 3 are shown. For green tea, data for warmed and
control plots of both stands are shown. In this case, the rectangle spans the 25th and 75th percentiles
and the horizontal and dashed lines inside the box are the median and mean, respectively. Whiskers
indicate the 5th and 95th percentiles. Linear mixed-effect models revealed a significant change in
mass loss of green tea due to artificial warming (P < 0.05) during the three last sampling dates, and as
such, these statistical differences are denoted by * next to the number of days since incubation (x-axis).

Table 4. Decomposition constants (k) computed for each tree species and green tea in warmed and
control plots. Different letters among the ten groups indicate significant mean differences (P < 0.05)
based on a one-way ANOVA and Tukey HSD test.

Warmed Control

Sugar maple 0.00315 (0.00055) d 0.00330 (0.00060) d

Green tea 0.00226 (0.00031) c 0.00212 (0.00025) c

Red maple 0.00144 (0.00040) b 0.00144 (0.00038) b

American beech 0.00107 (0.00042) ab 0.00094 (0.00024) ab

Large-tooth aspen 0.00070 (0.00020) a 0.00075 (0.00022) a

3.1. Litter Type

Mass loss after 202 days (leaching phase, after snowmelt) and 321 days (microbial
catabolism phase, end of experiment) in the control plots was, respectively, 58% and 64%
for sugar maple, 30% and 36% for red maple, 14% and 33% for American beech, and 6%
and 20% for large-tooth aspen (Figure 3). Mass loss of green tea fell between sugar maple
and red maple, with a 45% loss after 202 days and a 49% loss after 293 days (Figure 4).
For all five species, the decomposition trends were similar when comparing warmed
plots. Statistical testing of k values suggests that sugar maple litter decomposed the fastest,
followed by green tea and then red maple (Table 4). American beech and large-tooth aspen
litters generally decomposed at a significantly lower rate than the three other litters, except
for beech, which did not differ from red maple. Our results are fairly consistent with
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the literature, which suggests that rates of American beech leaf-litter decomposition fall
toward the lower end of all the species, followed by the aspen species, and then red maple,
sugar maple, and the birch species [27–30]. This sequence was largely attributed to the
chemical signature of the litters, such as lignin and N levels, the C:N ratio, as well as other
nutrients (e.g., K, P). Côté and Fyles [29] also reported the toughness of the litter (measured
as the mass needed to punch a 3 mm circular hole in the leaf blade) to be the most robust
variable to predict mass loss among several tree species. Similar but anecdotal testing
during litterbag preparation suggests greater toughness of large-tooth aspen litter. Our
data suggest that large-tooth aspen and American beech were the only species exhibiting
a consistent net litter mass gain after 202 days (Figure 3). This was likely associated to
nutrient immobilization by microbes, e.g., N [31]. We thus suggest an adjustment to the
above-mentioned sequence by placing large-tooth aspen in the same grouping as American
beech, whereas red maple mass loss appears as being slower than that of sugar maple. A
mass loss of 40 to 50% is expected for green tea (Lipton) during the leaching phases [32,33].
This is consistent with the mass loss measured for green tea (Costco) in our study following
the main leaching phase, i.e., the sampling after complete snowmelt (3 May 2021, 202 days
into the experiment, Figure 4). In comparison, early mass loss due to leaching of sugar
maple litter was also large, with 55% and 42% of mass remaining after 31 days (i.e., the
sampling before snow cover on 13 November 2020) and 202 days into the experiment
(Figures 3 and 4).

As a whole, mass loss in our study was either similar or considerably greater and
faster for sugar maple and American beech than in some studies (e.g., mass loss of about
22% and 7%, respectively; [28]), whereas it was in the same range as in other studies for
red maple and large-tooth aspen [27,29,30]. Some of the discrepancy regarding sugar
maple and American beech could be due to differences in the timing and way that the
litter was sampled as well as the preparation of the material before incubation, including
bag type and mesh size. Nevertheless, our data do not indicate in any way that leaf-
litter turnover in these marginal “boreal” soils is slower compared to typically “better”
hardwood soils/sites in more southern areas (e.g., Hubbard Brook and Harvard Forests
in New Hampshire and Massachusetts). Leaf-litter decomposition is largely controlled by
climate, viz., temperature and moisture, and litter quality, notably N content, when climate
is not the limiting factor [31,34]. In this respect, despite leaf-litter dynamics being studied in
mixedwoods with marginal soils, the climate was that of the northern limit of the temperate
forest, rather than the boreal, whereas the litters originated from nearby hardwoods. Thus,
our study may provide a robust projection of decomposition dynamics of these litter types
in the boreal forest under warming as long as litter quality is of a similar standard, and
as long as other variables such as plant phenology, understory composition, and density,
length of the snow-free period, and moisture conditions remain constant (see Conclusion
for more on uncertainties).

3.2. Artificial Heating

We found no significant difference in remaining mass loss between warmed and
control soils within the same tree species at any of the sampling dates (Figure 3). Likewise,
decomposition constants (k values) did not indicate that litter mass loss varied as a function
of soil warming, given that all statistical comparisons between soil treatments within the
same tree species were not significant (Table 4). Conversely, green tea decomposed faster
under soil warming towards the end of the experiment, as indicated by the significant
differences after 237, 265, and 293 days of incubation (Figure 4).

Our results partly corroborate those found in the literature. Two studies report on the
effects of soil warming on leaf-litter decomposition of the tree species that were studied
here. In the Adirondack Mountains of New York State, McHale et al. [35] tested three levels
of soil warming (2.5, 5.0, and 7.5 ◦C) and found that decomposition rates of American
beech leaf litter increased under the +5 ◦C and +7.5 ◦C treatments, whereas no change
was observed for sugar maple leaf litter at all three soil temperature levels. Rustad and
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Fernandez [36] tested red maple leaf litter in Maine under a treatment that increased soil
temperature by 4–5 ◦C and found that warming increased decomposition until about
six months, but this difference disappeared after thirty months.

Both McHale et al. [35] and Rustad and Fernandez [36] used heating cables com-
parable to those in our study. Two other studies were relevant to temperate deciduous
species and also used heating cables. In the eastern Tibetan Plateau (China), soil warming
of 3.2 ◦C resulted in an increase in early leaf-litter decomposition of Chinese red birch
(Betula albosinensis) [37]. Berbeco et al. [38] studied fine woody debris of sugar maple, red
oak (Quercus rubra), and black birch (Betula lenta) under soil warming at Harvard Forest,
Massachusetts, and observed an increase of decomposition rates of about 10% for maple
and oak and as much as 25% for birch after one year. This effect was maintained but gener-
ally weakened over time (10 years). Finally, one study testing silver birch (Betula pendula)
leaf-litter decomposition in Finland while artificially heating the soil with infrared lamps
reported effects of warming on litter quality and microbial growth, but warming showed
little or no effect on litter mass loss [39].

Only a few more studies report on the effects of warming under field conditions on leaf-
litter decomposition of coniferous or boreal tree species (i.e., ref. [36] for red spruce in Maine,
ref. [37] for dragon spruce (Picea asperata) in the Tibetan Plateau of China, and ref. [40] for
black spruce (Picea mariana) in Alaska). Rustad and Fernandez [36] observed a positive
long-term effect of heating on litter decomposition in Maine, whereas Xu et al. [37] and
Romero-Olivares et al. [40] respectively reported no change and a decrease in mass loss with
heating. More specifically, using closed-top chambers, Romero-Olivares et al. [40] showed
that mass loss of non-recalcitrant C and overall mass loss of black spruce needles were
higher in control plots than under warming, whereas recalcitrant C remained unchanged.

Green tea is now used to collect uniform decomposition data across a wide range of
climatic and biogeophysical conditions [41,42]. In our study, it distinguished itself from
the other litters because it was affected positively by soil warming toward the end of
the experiment (Figure 4). Other studies have argued that during manufacturing, leaves
are substantially transformed and thus, the structure of the material is altered [43,44].
The fragmented nature of the material leads to more surface area to retain water and for
microbial attack compared to pristine leaf litters [45]. Therefore, green tea bags in our
study possibly retained water more efficiently under the warming treatment, leading to
more adequate conditions in the bags for faster decomposition. It is thus important to
consider the nature of the material when comparing decomposition to other litters for which
alterations were minimal. We argue that care must also be taken for the interpretation of
green tea decomposition results when submitting tea litters to experimental treatments
such as warming and drying because the nature of the material is bound to react differently
compared to pristine litters. However, it can be useful to validate general trends, such as in
our study.

Based on the literature, it can be argued that the observed acceleration in litter de-
composition is due to a positive effect of warmer temperatures on soil microbes and the
extension of the biologically-active period (i.e., spring and fall). Conversely, in Xu et al. [37]
and Romero-Olivares et al. [40], the warming treatment reduced soil and litter water con-
tent due to increased evapotranspiration. As such, direct warming, together with indirect
warming effects such as soil drying, likely exerted a negative effect on microbial biomass
and soil respiration, thereby affecting decay dynamics by offsetting or surpassing the
benefits of soil heating and extension of the period of biologically-active soils.

3.3. Soil Moisture and N Availability

Testing of the effects of soil heating on soil respiration and the microbial community is
underway at the study site. However, the lack of a warming effect on leaf-litter decomposi-
tion due to concomitant soil drying also seems reasonable for several reasons in our study.
Soil moisture under mixedwoods at the study site is lower than hardwoods due to greater
interception of precipitation by the coniferous canopies due to the generally higher leaf
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area index than deciduous tree species as well as more persistent foliage [23]. Mixedwoods
at the site are also productive ecosystems with active roots that pump water from the
soil, thereby creating overall dry soil conditions in the uppermost 15 cm [12]. Another
possibility is that the needle-rich litterfall promotes some water repellency properties to the
forest floor [46], but this was not tested at the site.

Moreover, mean soil VWC over the eleven monitoring dates was, on average, 22%
lower in the warmed plots (mean: 11.2%) compared to the control plots (mean: 14.3%)
(Figure 5). The soil drying effect induced by artificial warming resulted in a statistically
significant difference due to the consistency of the lower soil VWC readings in the heated
plots. However, this result needs to be inferred with care considering that the divergence
between treatments (mean = 3.09%; 1.45% to 4.96% depending on sampling dates) is
equivalent to the TDR meter error (i.e., 3% VWC). As discussed above, soil moisture values
are intrinsically low in the SBL mixedwoods. According to Datta et al. [47], a sandy soil
at saturation will exhibit a VWC of no more than 30%, whereas at field capacity and
permanent wilting point, VWC is closer to 20 and 7%, respectively. Our VWC data thus
suggest that soil moisture conditions vary between field capacity during the wetter periods
and the wilting point during the drier periods, or slightly below the wilting point in the
heated plots for a few measurement dates.
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Figure 5. Soil volumetric water content in warmed and control plots of both stands in 2021. We show
the means of all paired plots (10× warmed plots; 10× control plots) for each monitoring date (11×).
The full horizontal lines are the means of both treatments, whereas the dashed lines are estimates
of field capacity and wilting point for a typical sandy soil [47] such as in this study. P < 0.001 in the
panel indicates that the warmed plots had a significantly lower soil volumetric water content than
the control plots.

In their meta-analysis, Wu et al. [18] also showed that most laboratory incubation
studies resulted in increased leaf-litter decomposition with augmented temperatures, while
moisture availability remained steady and at adequate levels (controlled conditions). In
contrast, there is compelling evidence that precipitation addition and removal lead to
significant increases and decreases in plant litter decomposition, respectively, including
forest leaf litters and needles [18]. A moisture deficit that is associated with artificial
heating (and consequently evapotranspiration) is thus a likely reason for the unchanged
decomposition rates of tree species litters in our study, considering that the experiment was
set in mixedwoods where soils are intrinsically dry. The faster decomposition of green tea
litter in the same plots, on the other hand, can be explained by the more efficient retention
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of water (compared to the pristine leaf litters of tree species) due to its fragmented nature,
which is also more prone to microbial attack because of its larger surface area [45].

The divergence in soil VWC between treatments appeared to be greater during the
warm summer months (i.e., June–August; Figure 4), suggesting that suppression of mi-
crobial activity to water stress could have been more severe during that period, especially
from the end of May to mid-June and at the onset of August, when soil VWC was quite
low. However, we observed differences in soil VWC regardless of whether soil conditions
reflected drier or wetter conditions; this included the whole month of May during drying
after snowmelt. Bélanger et al. [20] also observed very low soil water potential during dry
and hot spells in the spring before leaf out, which resulted in a large energy flux to the
soil surface, promoting evapotranspiration. It is thus difficult to suggest that the adverse
effects of artificial soil warming on soil microbial activity and litter decomposition would
be restricted to just the summer months. The vulnerability to drought of northeastern
North American forests seems to be increasing under climate change as a whole [48].

For the sake of comparison, we measured an average decrease in soil VWC of 22% due
to a ~3.5 ◦C increase in soil temperature, whereas Allison et al. [49] measured an identical
decrease in soil moisture (22%) despite a warming of 0.5 ◦C using closed-top chambers.
There are many published light flux measurements under forest canopies at the research
site in July, including mixedwoods, to suggest that the soil warming treatment at our site is
considerable relative to solar irradiance impacting the soil surface directly. The light flux
is about 13 mol m−2 d−1 in mixewoods [23], or 241 µmol m−2 s−1. This is equivalent to
52 W m−2 d−1 for a 15-h day in July in southern Quebec. Our treatment yields 395 W per
4 m2 plot (80 feet of cable in total) or 49.4 W m−2 d−1 because soils are warmed 12 h per
day in July (i.e., 9 cycles during night-time and 3 cycles during day-time). The treatment
therefore has similar strength to the solar flux if we consider the amount of energy directly
impacting the soil, and this effect is stronger during the early and late periods of the
growing season as days are shorter (less solar energy), while heating cycles are augmented
to 15–16 to adjust to photoperiod and maintain the temperature difference. This boosts the
artificial energy flux to 60–65 W m−2 d−1. This is, however, a rough estimate of the impacts
of the artificial energy flux on soil water evaporation, because the relationship between soil
water retention curves (and hydraulic conductivities) and the soil heat flux is expected to
be nonlinear, and as such, it should be modeled properly (e.g., SWAP [50]) with a whole set
of input variables which we did not have. Moreover, atmospheric demand (expressed as
vapor pressure deficit, which is exponentially related to air temperature) is the main driver
of evapotranspiration of whole ecosystems, not the heat flux per se [51,52]. The impact of
the increased soil heat flux on soil moisture is thus expected to be limited.

Nutrient availability is likely another factor that could exert some control over leaf-
litter decomposition. Experimental warming of forest soils mostly leads to increased
mineralization, nitrification, and soil and foliage levels [14]. In boreal forests, increased N
availability due to N additions can reduce the structure and diversity of fungal commu-
nities as well as decomposer biomass [49,53]. In this respect, Romero-Olivares et al. [40]
suggested that increases in soil N due to warming could have similar adverse effects on
litter decomposition rates. Conversely, PRS data in our study suggest a decrease in soil
N activity in both forest stands, albeit not statistically significant due to large variations
in the data (Figure 6). Although concomitant reductions in NH4 and NO3 uptake by
plants and microbes and N mineralization due to soil drying can mask changes in soil N
availability [54], low soil moisture is generally expected to reduce soil microbial activity
and mineralization of N and other nutrients [55]. We suggest that the latter is observed
with both soil solution NH4 and NO3 data, and as such, these data are another indirect
indication that soil drying due to warming in this intrinsically dry environment can mask
the benefits of increased temperatures on soil decomposer biomass and activity.
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in 2021. Values are means of all plots (10×) and error bars are standard deviations. The linear
mixed-effect model revealed only marginally significant changes in N dynamics due to artificial
warming (P < 0.10), and as such, no statistical results are shown.

4. Conclusions

No difference in litter mass loss was detected between control and warmed plots.
This was likely due to a concomitant drying of the soil, and it will thus be relevant to
test if soil drying negatively affects biomass and activity of decomposers. Mass loss data
indicated no suppression of leaf-litter decomposition under acidic “boreal” soils in our
study compared to the same litter decomposing at the surface of typically “better” soils
in more southern hardwood sites (e.g., Hubbard Brook and Harvard Forests). At first
glance, our results thus imply that climate change would exert a marginal influence on
leaf-litter dynamics of temperate tree species on soils that are characteristic of the boreal
forest (i.e., acidic, nutrient-poor, and drier). Based on our data, northward migration or
assisted migration of these four temperate deciduous tree species into boreal forests would
likely not be compromised by a decreased ability to condition soils with their litters.

However, many uncertainties remain. These results can probably be repeated so long
as plant phenology, understory composition and density, and the quality and quantity
of litterfall remain relatively constant. This is a major assumption considering that the
understory appears to be slowly thinning in some of the heated plots (N. Bélanger, per-
sonal observation). Unfortunately, changes in understory plant species and density have
not been systematically measured in the plots but could play an important role on litter
decomposition in the long term under climate change. The extent of the soil drying also
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needs to be further documented and modeled, and it remains uncertain how microbes and
litter decomposition will respond to soil warming under an array of conditions in water
availability. The study year was characterized by periods of substantial water stress, but
it was not an exceptionally dry year. For example, two heatwaves were recorded before
June 21 of the previous year (i.e., 2020) and the second one affected southern Quebec for
more than one week. This was the first time in recorded history that two heatwaves hit
Quebec prior to the summer solstice, with 70% less rain than normal in June. This was
accompanied by an exceptional drought with unusually high soil temperatures and low
water potentials in May and June, not long after snowmelt had been completed on site [12].
Conditions cooled off and precipitations were more abundant after a third, but shorter heat-
wave in mid-July. Soil water potentials in 2021 were well above those in 2020 (N. Bélanger,
unpublished data). It would be relevant, therefore, to test leaf-litter dynamics during a
summer with significantly dry periods (as predicted by climate models for Quebec) and
verify whether our initial hypothesis of decreased leaf-litter decomposition rates due to
soil warming/drying can be validated.

Conversely, it would be relevant to test litter dynamics during wet years and verify if
artificial warming, despite some drying of the soil, produces conditions that are conducive
to litter decomposition and increased mass loss compared to control conditions (similar to
what was observed with green tea bags). Furthermore, microbes and litter decomposition
may have responded differently had we artificially heated the soils during the whole
winter, thus also affecting snow depth, the length of the snow-free periods, and possibly
freeze-thaw cycles, all capable of affecting biological activity [24]. It is only through a series
of consecutive artificial soil warming experiments encompassing various hydroclimatic
and snow conditions that the response of litter to climate change can be fully elucidated.
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