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Boreal forest soils are highly susceptible to global warming, and in the next few decades,
are expected to face large increases in temperature and transformative vegetation
shifts. The entire boreal biome will migrate northward, and within the main boreal
forest of Western Canada, deciduous trees will replace conifers. The main objective
of our research was to assess how these vegetation shifts will affect functioning of soil
microbial communities and ultimately the overall persistence of boreal soil carbon. In
this study, aspen and spruce forest floors from the boreal mixedwood forest of Alberta
were incubated in the laboratory for 67 days without (control) and with the addition
of three distinct 13C labeled substrates (glucose, aspen leaves, and aspen roots). Our
first objective was to compare aspen and spruce substrate utilization efficiency (SUE)
in the case of a labile C source (13C-glucose). For our second objective, addition of
aspen litter to spruce forest floor mimicked future vegetation shifts, and we tested
how this would alter substrate use efficiency in the spruce forest floor compared to
the aspen. Tracking of carbon utilization by microbial communities was accomplished
using 13C-PLFA analysis, and 13C-CO2 measurements allowed quantification of the
relative contribution of each added substrate to microbial respiration. Following glucose
addition, the aspen community showed a greater 13C-PLFA enrichment than the
spruce throughout the 67-day incubation. The spruce community respired a greater
amount of 13C glucose, and it also had a much lower glucose utilization efficiency
compared to the aspen. Following addition of aspen litter, in particular aspen leaves,
the aspen community originally showed greater total 13C-PLFA enrichment, although
gram positive phospholipid fatty acids (PLFAs) were significantly more enriched in the
spruce community. While the spruce community respired a greater amount of the added
13C-leaves, both forest floor types showed comparable substrate utilization efficiencies
by Day 67. These results indicate that a shift from spruce to aspen may lead to a greater
loss of the aspen litter through microbial respiration, but that incorporation into microbial
biomass and eventually into the more persistent soil carbon pool may not be affected.

Keywords: boreal, forest floor, vegetation shifts, labeled substrate, phospholipid fatty acid analysis, SIP–PLFA,
microbial communities
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INTRODUCTION

The boreal forest is the largest terrestrial ecosystem and the
largest terrestrial sink of carbon on Earth (Watson et al.,
2000). Indeed, boreal forests account for over half of the forest
carbon stocks globally (DeLuca and Boisvenue, 2012). The boreal
forest forms a “green belt” between latitude 45◦ and 70◦ N,
and in Canada, it stretches over 307 million ha from the
Yukon to Newfoundland and Labrador. Due to the extreme
climatic conditions occurring in this region, the boreal forest
is characterized by a low diversity of tree species, including
Abies, Larix, Picea, Pinus, and Populus (Brandt et al., 2013). In
the boreal mixedwood forests of western Canada, Picea glauca
(white spruce) and Populus tremuloides (trembling aspen) are
the most common species (Lieffers et al., 1996). The boreal is
particularly sensitive and vulnerable to global warming, and in
the next few decades, is expected to face transformative changes;
it is likely that the region will see a 2◦C temperature increase by
2050 compared to 2000 (Price et al., 2013). Ongoing increases
in atmospheric CO2 and warming have already been linked to
vegetation shifts where early-successional deciduous broadleaves
have been replacing late-successional conifers since the 1950s
(Searle and Chen, 2017). Predictions for precipitation are not
as straightforward, although frequency and intensity of extreme
events, including drought, are expected to increase. Boreal tree
species exhibit a wide range of responses to the changing climate,
and broadleaved trees are less sensitive to moisture deficit than
conifers (Hogg et al., 2017; D’Orangeville et al., 2018). In the
mixedwood boreal forest of Western Canada, this will mean an
accelerated shift from white spruce to trembling aspen stands.

The composition and activity of forest floor microbial
communities are the result of complex interactions between
biotic and abiotic factors including climate, tree species, quality
and quantity of organic matter input, soil fauna, nutrient
availability, and land disturbance (e.g., Myers et al., 2001;
Grayston and Prescott, 2005; Quideau et al., 2013; Cleveland
et al., 2014). Differences in microbial communities associated
with individual plant species are hypothesized to result from
variations in the quantity and quality of plant carbon inputs
(Grayston and Prescott, 2005), and coniferous forest floors (i.e.,
surficial soil organic horizons containing litter at various stages
of decomposition) typically have lower microbial biomass and
activity than those under deciduous cover (Bauhus et al., 1998).
Similarly, in the mixedwood boreal forest of Western Canada,
forest floors from white spruce and aspen stands have distinct
microbial communities and distinct properties, including greater
microbial biomass and higher pH and nutrient availability in
aspen forest floors (Hannam et al., 2006; Swallow and Quideau,
2013). In a systematic review comparing aspen and coniferous
stands across North America, Laganière et al. (2017) concluded
that forest floor carbon stocks were larger in conifer dominated
stands in the majority of studies. In the mixedwood of central
Alberta, Kishchuk et al. (2014) reported average soil carbon
stocks of 25 and 42 Mg ha−1, for aspen and spruce forest floors,
respectively. On the other hand, soil carbon under aspen appears
to be more stable than under spruce (Laganière et al., 2017), and
this has recently been linked to preferential retention of aspen

foliage leachates compared to spruce needle leachates (Boča et al.,
2020). What remains unclear, however, is how current and future
vegetation shifts may be affecting carbon storage and persistence
in boreal soils.

The home-field advantage (HFA) concept, which stipulates
that litter decomposes faster in an area dominated by plants
from which it is derived (i.e., at home) rather than under
an alternative plant cover, has been proposed as a widespread
phenomenon occurring in most forest ecosystems (Ayres et al.,
2009). According to the HFA theory, a rapid shift in vegetation
could mean a slow decomposition of the new aspen litter
by the microbial community already present in the native
spruce forest floor. On the other hand, when labile organic
substrates are added to soil, microbial activity is commonly
stimulated and a short-term change in the turnover of native
organic matter [termed “priming effect” (PE)] may occur in
which both added substrate and indigenous soil organic matter
(SOM) are degraded (Waldrop and Firestone, 2004; Kuzyakov,
2010). A positive PE following vegetation shifts could potentially
increase decomposition as fresh, more labile aspen litter is
added to native spruce forest floor. Furthermore, an increasingly
accepted paradigm highlights the importance of microbial
anabolism, and substrate utilization efficiency (SUE), in retaining
plant-derived carbon and eventually increasing the persistence
of carbon in soils (Cotrufo et al., 2013; Waring et al., 2020;
Neupane et al., 2021). Several interacting factors, including
the composition of soil microbial communities and substrate
stoichiometry, can alter SUE (Rinnan and Baath, 2009; Keiblinger
et al., 2010; Kohl et al., 2021). Global carbon stocks in boreal
forests are estimated to reach 1095 Pg of carbon (Bradshaw and
Warkentin, 2015). As about a quarter of these stocks are stored in
boreal forest floors themselves (Kurz et al., 2013), it is important
to assess how aspen replacing spruce may alter the carbon balance
of boreal forest floors.

Stable isotope probing (SIP) of phospholipid fatty acids
(PLFAs) found in microbial membranes allows tracking of 13C-
labeled substrates as they become incorporated into soil microbial
communities (Waldrop and Firestone, 2004; Watzinger, 2015;
Feland and Quideau, 2020). In this study, aspen and spruce
forest floors from the mixedwood boreal forest of Alberta were
incubated following addition of 13C-enriched glucose, aspen
leaves and aspen roots that had been previously 13C-labeled,
and results were compared to control forest floors (no substrate
added). Our first objective was to assess if differences between
aspen and spruce forest floors would foster differences in soil
microbial metabolism, as indicated by estimating SUE following
addition of 13C-glucose. Secondly, addition of 13C-labeled aspen
litter to spruce forest floor mimicked the effects of anticipated
future vegetation shifts in the boreal mixedwood forest of
Western Canada. Hence, the second objective of our study was
to test whether the addition of fresh aspen litter to spruce forest
floor would alter microbial utilization processes, and in turn,
to ascertain implications in terms of overall carbon persistence
in these soils. Respired 13C-CO2 was measured to quantify the
percent of CO2 coming from each added substrate, and carbon
assimilation by different members of the forest floor microbial
community was tracked using PLFA-SIP.
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MATERIALS AND METHODS

Soil Collection and Aspen Seedling
Labeling
Soil samples (0–10 cm) were collected from two mature aspen
and white spruce stands (>70-year-old) located in the boreal
forest of Northern Alberta, Canada (Table 1). The region
experiences a mean annual temperature of 0.7◦C and a mean
annual precipitation of 45 cm. These two stands were selected
within 2 km of each other to minimize climatic variation and
were established on similar fine-textured Luvisols (IUSS Working
Group WRB, 2015). Both sites were selected from previous
studies investigating plant and soil microbial communities in the
area (Norris et al., 2013, 2016; Quideau et al., 2013). The two soil
types were collected in preparation of the laboratory incubation
by sampling ten locations within each stand and then composited
to obtain homogenous samples. Forest floors averaged 19.5 cm
for the spruce and 7 cm for the aspen stand (Table 1); while
samples were contained within the forest floor layers (i.e., soil
organic layers with >17% C) for the spruce stand, the aspen
samples also included some underlying mineral soil. Soil samples
were kept cool and transported to the laboratory at which time
they were sieved to 4 mm (Kalra and Maynard, 1991), and stored
in the dark until the start of the incubation experiment.

Enriched aspen leaves and roots were obtained by growing
seedlings in a greenhouse as described by Norris et al. (2012).
After five weeks of growth, seedlings were labeled once a week
for three consecutive weeks with 99.9% 13C-CO2 (Cambridge
Isotope Laboratories, Inc. Andover, MA, United States). The
enriched 13CO2 gas was applied to each seedling for 30 min each
week, and seedlings were harvested one week after the last pulse.
Leaves and roots were separated, dried, ground and stored until
the start of the incubation experiment. The abundance of 13C in
the labeled plants was measured to average 228 ± 18h for the
aspen leaves and 128± 35h for the aspen roots.

Laboratory Incubation
Prior to the start of the laboratory incubation, deionized water
was added to soils to reach a moisture content equivalent to field
capacity (−12 kPa), as estimated by the pressure plate method
(Swallow and Quideau, 2013). Resulting moisture contents were
98 ± 3%, and 210 ± 13% for the aspen and spruce forest
floors, respectively (Table 1). Sixty experimental units were

constructed for each forest floor type (aspen and white spruce)
and were left to equilibrate for two weeks before the labeled
substrates were added. Moisture content was maintained during
the preconditioning period as well as during the incubation itself
by regular weighing and application of any lost moisture. Each
experiment unit consisted of 2 g of equivalent dried soil in a small
tube resting at the bottom of a 1 L airtight glass jar. Lids were
fitted with Luer Lock valves to allow for gas sampling.

The incubation experiment began with the addition of the
labelled substrates, which were either dissolved (glucose), or
suspended as fine powder (leaves and roots) in deionized water.
After addition to the soils, each tube was shaken to promote
homogenous incorporation of the substrate. For each soil type,
15 experimental units were used as control, where no substrate
was added. For the other 45 experiment units, 15 were used
for incubations with a 13C labeled synthetic substrate (Sigma
Aldrich, 99% D-glucose-1-13C), 15 for incubations with 13C-
labeled aspen leaves, and 15 with 13C-labeled aspen roots. The
quantity of substrate to add was calculated to correspond to the
same amount of carbon for each substrate, which was chosen as
0.4 mg C g−1 of dry soil to optimize respiration fluxes as shown
by Larionova et al. (2007). Soil samples were incubated in the
dark at room temperature (20 ◦C) for 67 days. For the entire
duration of the experiment, every 2–3 days, the jars were opened
and ventilated for 30 min to maintain aerobic conditions. Before
opening the jars, gas samples were taken to estimate accumulated
CO2 from five randomly chosen units for the two soil types and
each incubation type (control, glucose, aspen leaves, and aspen
roots). In addition, the same flasks were sampled nine times for
isotopic composition analysis of CO2 (δ13CO2), namely after 0.2,
2, 7, 14, 18, 25, 46, 60, and 67 days of incubation. Lastly, five
experimental units for each incubation type and each soil were
destructively sampled after 0.2, 14, and 67 days of incubation.
These were immediately frozen at −80◦C to be later freeze-dried
prior to PLFA analysis.

Soil Respiration Measurements
For quantitative CO2 and δ13CO2 measurements, two aliquots
were taken from the experimental unit headspaces. One
aliquot was transferred to an evacuated borosilicate Labco
Exetainer (Labco Limited, High Wycombe, United Kingdom),
and accumulated (respired) CO2 was analyzed on a HP5890
Series II gas chromatograph and a HP3396 Series II Integrator

TABLE 1 | Key properties of the aspen and spruce forest floor materials used during the 67-day laboratory incubation.

Aspen forest floor Spruce forest floor

Location N56 57.5, W111 38.9 N56 56.6, W111 44.3

Forest floor thickness (cm) 7.0 19.5

Moisture content (%wt) 98 ± 3 210 ± 13

Soil organic carbon (mgC g−1) 207 455

Soil organic nitrogen (mgN g−1) 9.8 18.9

δ13C* h −27.8 −27.5

Total PLFAs (nmol g−1) 4,800 ± 600 3,900 ± 700

*From Norris et al. (2013, 2016).
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(Hewlett-Packard, Santa Clara, CA, United States), using helium
as the carrier gas. The amount of respired CO2 in each
incubation unit headspace was corrected for the background CO2
concentration present in the room, and converted from ppmv to
gC using the ideal gas law.

The second aliquot was transferred to a helium flushed
positive pressure Labco Exetainer, and δ13CO2 of respired CO2
was measured using a CTC Combi PAL autosampler (CTC
Analytics AG, Zwingen, CH) leading to a Porapak Q column
on a Finnigan Gas Bench II (Thermo Electron Corporation,
Waltham, MA, United States) attached to an Isotope Ratio
Mass Spectrometer (IR-MS). The δ13C values of CO2 were
reported against the Vienna Pee Dee Belemnite standard (isotopic
ratio: RVPDB = 0.0111802) and were corrected for atmospheric
contribution on each sampling date according to:

δ13Cr × [CO2]r = δ13Ci × [CO2]i−δ13Ca × [CO2]a

where the subscript “r,” “I,” and “a” refers to the CO2 “respired,”
the total CO2 measured in the “incubation unit” and the
contribution from the “atmosphere,” respectively. Atmospheric
CO2 concentrations and δ13C values were measured in replicate
prior to sampling of the experimental units; over the 67-day
incubation period, concentration averaged 505 ± 106 ppmv, and
δ13CO2 was−9.9± 1.2h.

Phospholipid Fatty Acid Analysis
Phospholipid Fatty Acid analysis was conducted on 0.9 g of
freeze-dried soil using a Bligh and Dyer extractant containing
a 0.15M citrate buffer at the methanol:chloroform:buffer 1:1:0.9
ratio according to Quideau et al. (2016). Prior to extraction,
PC(19:0/19:0) nonadecanoate surrogate standard (Avanti Polar
Lipids Inc., Alabaster, AL, United States) was added to each
sample to assess recovery. Extracted lipids were separated on solid
phase extraction (SPE) silica columns (Agilent Technologies,
Santa Clara, CA, United States), and re-dissolved in 1:1
chloroform:methanol prior to mild alkaline methanolysis and
subsequent extraction with hexane to synthesize fatty acid
methyl esters (FAMEs), as specified in White et al. (1997). An
instrument standard of 10:0Me (methyl decanoate, Aldrich, St.
Louis, MO, United States) was added prior to identification
and quantification on a HP5890A Series II GC equipped with a
HP7673 Injector, and an FID detector (Hewlett-Packard, Santa
Clara, CA, United States). Peaks were identified using the
Sherlock Microbial Identification System Version 4.5 software
(MIDI, Inc., Newark, NJ, United States). PLFAs were described
using the standard X:YωZ nomenclature, and their abundance in
each sample was expressed as nmol PLFA g−1 of soil.

The δ13C values (h) of individual PLFAs were measured
using a 6890N Agilent GC (Agilent Technologies, Santa Clara,
CA, United States) equipped with an HP-Ultra 2 column (50 m
length, 0.2 mm i.d. and 0.33 µm film by J&W Scientific Columns
from Agilent Technologies), and linked to a Thermo Finnigan
GC Combustion III (Thermo Finnigan, Bremen, Germany) and
the IRMS. Retention times for individual PLFAs were calibrated
using FAME mixes GLC-30 and C4-C24 Unsaturated (Sigma
Aldrich). In addition, retention times were compared to those

from the GC-FID to ensure their correct assignment. Peaks
with low intensity (<200 mV) were discarded due to low
signal to noise ratios. Measured values were expressed in the δ-
notation (h) and corrected for the additional methanol group
added during the last step of the PLFA extraction. Values
were calibrated against three 20:0 isotope standards (USGS70,
USGS71, and USGS72).

Microbial biomarkers were equated to PLFAs containing
between 14 and 20 carbons, and included: saturated straight
chained PLFAs (e.g., 15:0); saturated PLFAs with branching
on the second (e.g., i15:0) or third (e.g., a15:0) carbon
from the aliphatic end; saturated PLFAs with mid-chain (10-
methyl) branching (e.g., 16:010Me); monounsaturated PLFAs
(e.g., 16:1ω5); polyunsaturated PLFAs (18:3ω6); and cycloPLFAs
(e.g., 17:0cyclo). Biomarkers were assigned to microbial groups
according to the literature (e.g., Zelles, 1999; Myers et al., 2001;
Frostegård et al., 2010; Quideau et al., 2016), where 10Me PLFAs
are typically associated with Actinobacteria, branched saturated
PLFAs to gram positive bacteria, monounsaturated PLFAs to
gram negative bacteria, and polyunsaturated PLFAs to fungi. The
number of selected biomarkers was 35 when using results from
the MIDI software (mol%), and δ13C values (h) were obtained
for 22 of these.

Data Analysis
Data collected from the daily CO2 measurements from each
individual flask were summed to estimate cumulative CO2
fluxes over the entire incubation period, and average values and
standard deviations were calculated for the two forest floor types
with and without substrate addition (n = 5). Statistical differences
among respiration rates from different substrates and forest floor
types (mgC-CO2/gCsoil) were tested for each sampling date
using a one-way ANOVA followed by a Tukey’s HSD post-hoc
test. A Bonferroni adjustment was used for multiple comparisons
to maintain the family-wise Type I error rate at 0.05.

The percentage of respired CO2-C coming from the added
substrate (%Csub) was calculated with a mixing model as in
Waldrop and Firestone (2004):

%Csub =

(
δC−δT

δC−δS

)
× 100

where δC is the δ13C value of the respired CO2 from the control
(no added substrate) soils, δT is the δ13C respired CO2 in the
treated soils, and δS is the δ13C of the labeled substrate. The
cumulative substrate-derived CO2 was also calculated in mgC-
CO2/g soil by multiplying the amount of respired CO2 by the
percentage of respired CO2-C coming from added substrate
(%Csub) for each date. A Student’s t-test was conducted to
detect statistical differences between aspen and spruce for each
added substrate.

The difference in SOM mineralization following substrate
addition, named “PE,” was calculated by comparing the amount
of unlabelled CO2 production with and without substrate
addition according to the equation from Blagodatsky et al. (2010):

PE = CO2
SOM
−CO2

control
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FIGURE 1 | Average cumulative respired C-CO2 from the aspen (circles) and spruce (triangles) soil incubation units for all substrates (glucose, aspen leaves and
aspen roots) during the 67-day laboratory incubation. Asterisks indicate dates where statistical differences among samples were detected using a one-way ANOVA.
In addition, the inset bar graph shows average cumulative respired CO2 from the aspen and spruce soil incubation units at three dates (4 h, 14 days, and 67 days),
with error bars showing standard deviations over five replicates and different letters indicating significant differences (p < 0.05).

where CO2 control is evolved CO2 from the control soil, and
COSOM

2 is the respired CO2 coming from SOM mineralisation in
the amended soil according to:

CO2
SOM
= (100−%Csub) × [CO2]r

where %Csub is the percentage of respired CO2-C coming from
the added substrate, and [CO2]r is the total respired CO2. Data
were further examined by calculating arithmetic means and
standard deviations.

Microbial community structure was examined by non-metric
multidimensional scaling (NMDS) ordination on the obtained
PLFA values (mol %, Hellinger transformed) using the PC-
ORD software version 5 (MjM Software Design, Gleneden
Beach, OR, United States). Statistical differences between whole
PLFA profiles were assessed using a Sorenson (Bray-Curtis)
distance measurement followed by multi-response permutation
procedure (MRPP; Mielke and Berry, 2001) in PC-ORD. Outputs
from the MRPP test include overall significance (p); degree
of separation between groups (T), where a greater value
indicates a greater separation; and an indicator of within-group
homogeneity (A), where homogeneity increases as values become
closer to 1. Lastly, the relation between specific PLFAs and

variation in the ordination space was displayed using correlation
vectors when r2 > 0.5.

For individual PLFAs, the difference in 13C (εT−C in h)
between the substrate-amended samples and the control samples
was calculated using the following equation:

εT−C =

(
1, 000+δ13CPLFA(treated)

1, 000+δ13CPLFA(control)
− 1

)
× 1, 000

where δ13CPLFA(treated) is the isotopic composition of PLFA in the
amended soil; and δ13CPLFA(control) is the isotopic composition of
PLFA in the control (no substrate) soils.

The percent of labeled substrate-C (%) incorporated into each
PLFA was estimated according to the following equation (Ziegler
and Billings, 2011):

%Substrate incorporated in PLFA =(
δ13CPLFA(treated)−δ13CPLFA(control)

)(
δ13CSubstrate−δ13CPLFA(control)

) × 100

where δ13CPLFA(treated) is the isotopic composition of PLFA in
the amended soil; δ13CPLFA(control) is the isotopic composition
of PLFA in the control (no substrate) soil; and δ13Csubstrate is
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FIGURE 2 | Cumulative substrate-derived CO2 fluxes (mgC-CO2/gsoil) from the aspen (circles) and spruce (triangles) soil incubation units following addition of
glucose and aspen leaves during the 67-day laboratory incubation. Asterisks indicate dates where significant differences were detected between aspen and spruce
(p < 0.05).

TABLE 2 | Priming effect (PE%), corresponding to % increase or decrease in soil C mineralized after 4 h and 2 days of incubation following addition of glucose, aspen
leaves and aspen roots.

Aspen forest floor Spruce forest floor

Days Glucose Leaves Roots Glucose Leaves Roots

0.2 43.2 ± 15.7 33.6 ± 19.3 16.5 ± 11.7 2.2 ± 2.9 −3.6 ± 9.6 −11.3 ± 5.3

2 8.2 ± 8.7 −1.4 ± 6.8 −2.8 ± 5.2 −11.5 ± 17.0 9.6 ± 7.7 9.9 ± 9.3

Errors are standard deviations over five experimental replicates.

the isotopic composition of the labeled substrate. Data were also
expressed in µgC/g soil to calculate the PLFA-based SUE as
follows (%):

PLFA−based SUE =

100×
Substrate incorporated in PLFA(

substrate incorporated in PLFA+substrate derivedCO2
)

Average SUE values were computed both for total PLFA
biomass, and for given groups of bacterial PLFAs (10Me,
branched saturated, monounsaturated).

RESULTS

Respiration Fluxes
Daily respiration rates decreased over time during the 67 days
of the laboratory incubation (Figure 1 and Supplementary
Tables 1, 2). The decrease occurred most rapidly during the

first 7 days of incubation and then became progressively less.
For instance, daily respiration rates from the aspen control
incubation units decreased by 30% between Day 1 and Day 7 of
the incubation period, but only by 9% between Day 7 and Day
16. Respiration fluxes from the aspen forest floors continued to
decrease after Day 15 and reached a plateau by the end of the
incubation (Figure 1). On Day 67, daily respiration rates from the
aspen control units were more than five times lower than rates
at the beginning of the incubation (Supplementary Table 1).
Similar trends were apparent for the amended aspen incubation
units (Figure 1 and Supplementary Table 1). While substrate
addition boosted daily respiration rates in the first 2 days by
100–200% compared to the control (Supplementary Table 1),
and resulted in significantly higher cumulative fluxes (Figure 1),
all respiration rates from the aspen incubation units reached
comparable low values by the end of the 2-month incubation.

During the first two weeks of incubation, cumulative
respiration fluxes for the aspen incubation units increased faster
than for the spruce, indicating that the aspen forest floor samples
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FIGURE 3 | Non-metric multidimensional scaling ordination of PLFA profiles extracted from the aspen (circles) and spruce (triangles) soil incubation units after
different incubation times, including 4 h (empty symbols), 14 days (grayed symbols), and 67 days (filled symbols). Substrates are indicated with different colors,
including brown for control, orange for glucose, green for aspen leaves, and blue for aspen roots.

TABLE 3 | Multi-response permutation procedure (MRPP) results for PLFAs
extracted from the aspen and spruce soil incubation units during the 67-day
laboratory incubation.

T A p-Value

Forest floor (aspen or spruce) −44.50 0.45 <10−5

Incubation time (4 h, 14 days, 67 days) −7.85 0.11 <10−4

Treatment (control, glucose, leaves or roots) 1.68 −0.03 1.00

respired more during that period than the spruce forest floors
(Figure 1). However, following this initial period, the daily
rates for spruce decreased at a slower rate than for aspen,
and showed no evidence to have reached a plateau by the end
of the incubation (Figure 1 and Supplementary Tables 1, 2).
Consequently, by Day 67, cumulative respiration rates from the
control spruce incubation units (58.6 ± 2.7 mgC-CO2/gCsoil)
had reached values comparable to those from aspen (58.6 ± 6.0
mgC-CO2/gCsoil). Similarly, cumulative respiration rates of the
incubation units amended with the labelled substrates, which
ranged from 57.4 ± 3.6 to 61.4 ± 5.3 mgC-CO2/gCsoil did not
significantly differ from the control units (Figure 1).

The control incubation units (with no added substrate) for
the aspen and spruce forest floors maintained respired δ13C-
CO2 values around−29.1± 5.4 and−24.8± 2.3h, respectively,
throughout the incubation period (Supplementary Tables 1, 2).
For both forest floors, as expected, the highest δ13C-CO2 values
were observed for the incubation units amended with glucose,
but these decreased rapidly within the first week of incubation.
Similarly, a relatively large portion of the respiration fluxes,
between 32% for spruce and 43% for aspen came from the
added glucose in the first 4 h following substrate addition, but
values decreased rapidly thereafter (Supplementary Figure 1). In

both forest floor types, the majority of respiration fluxes coming
from glucose occurred during the first week of incubation. After
2 days, glucose corresponded to about 10% of the respired CO2
fluxes for both forest floor types, and continued to decrease for
the spruce incubation units to reach negligible values after one
week. After 4 h of incubation in the aspen units, the percent of
respired CO2 coming from the added substrates reached 23% for
aspen leaves and 19% for aspen roots (Supplementary Figure 1).
Corresponding values in the spruce incubation units were 15%
for aspen leaves and 14% for aspen. Similarly to the glucose
substrate, both aspen leaf and aspen root substrates tended to
represent a higher percentage of the total respiration fluxes for
the aspen forest floors compared to the spruce.

The cumulative substrate-derived CO2 fluxes (mgC-
CO2/gsoil) were higher for glucose than for aspen leaves during
the first 2 days of incubation, but the opposite was true for the
remainder of the incubation (Figure 2). Respiration fluxes from
the added glucose became significantly higher in the spruce
incubation units compared to the aspen units on Day 14 of the
laboratory incubation, and this remained the case for the rest
of the incubation. A slightly different trend emerged following
aspen leaf addition, where cumulative substrate-derived CO2
fluxes tended to be higher from the aspen units during the initial
two weeks of the incubation, but then became greater from the
spruce units. The spruce incubation systems showed statistically
higher aspen leaf-derived CO2 fluxes after Day 46, and this
remained true for the rest of the incubation; i.e., for Days 60 and
67 (Figure 2).

A positive PE was observed in most incubation systems 4 h
following the addition of substrates, with the exception of the
spruce forest floors following addition of aspen leaves and aspen
roots (Table 2). The enhanced degradation of native organic
matter following substrate addition was larger in the aspen
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incubation units (43, 34, and 17%, for glucose, leaves, and roots
substrates, respectively; Table 2), but the PE decreased very
rapidly, and was not detected past 2 days of incubation.

Phospholipid Fatty Acid Profiles
For both aspen and spruce forest floor incubations, total PLFAs
stayed relatively constant during all 67 days of incubation. Total
PLFAs were slightly higher in the aspen forest floor incubations,
with a value around 4,600 nmol g−1 of soil, compared to the
spruce forest floor incubations (≈3,700 nmol g−1 of soil), but
there was no significant difference between the two forest types.

The microbial soil community structure was assessed using
an NMDS ordination of the PLFA data (Figure 3) and statistical
patterns within the data were tested using a MRPP (Table 3).

Ordination on the PLFA data yielded a two-dimensional solution
with a final stress of 6.8 after 62 iterations. Testing for significance
of the grouping variables (forest floor, incubation time, and
treatment) identified significant differences between the two
forest floor types and among the incubation times. The biggest
separation was linked to forest floor type (p < 10−5) followed
by incubation time (p < 10−4). As can be seen on Figure 3,
points corresponding to the aspen forest floors clustered closely
together for each incubation time, while the spruce data points
were more spread out. However, for both forest floor types,
there was a comparable shift in the composition of the microbial
communities with time (Figure 3). Separation between forest
floor types was also very clear, and remained for the entirety of
the two months of incubation. On the other hand, there was no

FIGURE 4 | Continued
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FIGURE 4 | Continued
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FIGURE 4 | Differences in isotopic composition of selected PLFA biomarkers (εT−C) between substrate-amended and control incubation units after 67 days of
incubation. Results are presented for both aspen and spruce soil incubation units, and added substrates included: glucose (A), aspen leaves (B), and aspen roots
(C). Average values are presented with standard deviations over five experimental replicates. However, for some PLFAs, only one reliable measurement could be
obtained with GC-C-IRMS analysis, and results are presented as a single point with no standard deviation.

significant difference linked to the substrates added for either
aspen or spruce (Table 3).

For the control forest floor incubations, δ13CPLFA values
ranged from −35.1 to −24.1h within the aspen incubation
units, and from −34.1 to −22.9h within the spruce
forest floor incubations (Supplementary Tables 3, 4). As
expected, δ13CPLFA values for the forest floors amended
with glucose presented higher 13C enrichment values

than the forest floors amended with other substrates
(Figure 4). These enrichment values were clearly higher for
aspen forest floor incubations than for spruce forest floor
incubations for nearly all PLFAs, and were generally higher
after 4 h than after 67 days of incubation (Figure 4A).
However, different PLFA groups responded differently.
Monounsaturated and straight chained saturated PLFAs
became highly enriched after 4 h, while 10-methyl
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FIGURE 5 | Incorporation of (A) glucose and (B) aspen leaves into 10Me, branched saturated, monounsaturated, and total PLFAs for both aspen and spruce soil
incubation units. Error bars show standard deviations over five replicates and different letters indicate significant differences between the aspen and spruce soil
incubation units for each date (4 h and 67 days) and each PLFA grouping (p < 0.05). The value indicated on top of each bar corresponds to the PLFA based-SUE
value (%).

PLFAs proportionally became more enriched after 67
days (Figure 4A).

Enrichment following addition of 13C-labeled aspen
leaves and aspen roots was much smaller than was the
case following glucose addition, and in several cases PLFA
δ13C values were similar to those of the control incubation
units, especially after only 4 h of incubation (Figures 4B,C).
There was no clear difference between aspen and spruce
forest floors following addition of the 13C-labeled aspen
roots (Figure 4C). On the other hand, after 67 days of
incubation, a slight enrichment was observed for most
PLFAs in the case of the forest floors amended with
aspen leaves (Figure 4B). This was particularly true of the
saturated PLFAs with terminal branching, which tended
to become more enriched in spruce compared to aspen
forest floors (Figure 4B). This was the opposite trend to
what was observed following glucose, where all microbial
PLFAs were more enriched in the case of the aspen forest
floor (Figure 4A).

Incorporation of substrate-C into microbial PLFAs
(µgC/gsoil) showed both temporal shifts and differences
linked to forest floor type (aspen and spruce), substrate
added (glucose and aspen leaves), and the group of PLFAs
considered (Figure 5). All PLFA groupings (10Me, branched
saturated, monounsaturated, total) showed significantly
higher incorporation of glucose-13C for the aspen than the
spruce forest floors. As the spruce forest floors respired
more of the glucose (Figure 2), the resulting PLFA-based
SUE values were clearly higher for aspen than for spruce,
in particular for the monounsaturated PLFAs preferentially
associated with gram negative bacteria (Figure 5). Right after
addition of the aspen leaves, substrate incorporation was also
statistically higher for the aspen than the spruce forest floors
in terms of total PLFAs, but this did not hold true for all PLFA
groupings; terminally branched PLFAs (characteristic of gram

positive bacteria) showed a statistically higher enrichment
in the case of the spruce forest floors. After 67 days, the
aspen and spruce forest floors reached comparable SUE
values (Figure 5).

DISCUSSION

Microbial Substrate Utilization Following
Glucose Addition
Glucose addition did not significantly alter PLFA profiles in
either aspen and spruce forest floors (Figure 1), and PEs,
when detected, were short-lived (Table 2). Similarly, no change
in PLFA profiles was detected in another study with a one-
time addition of either starch or xylose to an oak woodland
soil, at a level of substrate addition (400 µg C/g of soil)
comparable to our study (Waldrop and Firestone, 2004), or
in incubations where small quantities of carbon substrates
(glucose, glutamate, oxalate or phenol) were added to a soil
from a Douglas-fir/ hemlock dominated site (Brant et al., 2006).
Microbial communities in both aspen and spruce forest floors
changed with time during the 67-day incubation (Figure 3
and Table 3), but this temporal shift was similar for the
control and the labeled materials (Figure 3). In both forest
floors, concentrations of saturated PLFAs, which tend to be
more abundant in gram positive bacteria, generally decreased
during the 67 days of incubation while monounsaturated
PLFAs more typical of gram negative bacteria increased
(Supplementary Tables 3, 4). The ratios corresponding to
monounsaturated/saturated PLFAS increased from 1.09 (4 h)
to 1.12 (14-days) to 1.24 (67 days), corresponding to a 14%
increase, in the aspen incubation units; and from 0.99 to 1.04
and finally 1.07 (i.e., a smaller 8% increase) in the spruce
incubation units. In addition, there were larger changes in specific
PLFAs for the aspen than the spruce community (Figure 3). For
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instance, a shift in the iso/anteiso ratio, which has been linked
to changes in bacterial membrane fluidity (Watzinger, 2015)
could be detected for aspen but not for spruce; specifically, the
(i15:0+i17:0)/(a15:0+a17:0) ratio increased from 1.2 (4 h) to 1.3
(14 days) to 1.4 (67 days) for aspen, while there was not any clear
change for spruce.

Individual PLFAs diverged in their temporal response to 13C-
glucose addition, where non-specific, straight chained PLFAs
(e.g., 16:0, 17:0) as well as PLFAs with terminal branching
associated with gram positive bacteria (e.g., a15:0a, i16:0i),
and in particular monounsaturated gram negative PLFAs (e.g.,
18:1ω7) readily picked up the label after 4 h, while 10Me
PLFAs took longer to become enriched (Figure 4). This trend
is similar to results from incubations with 13C-labeled glucose
conducted over short time periods (0.75–48 h) where a rapid
enrichment of PLFAs associated with gram positive bacteria
(e.g., a15:0), and the gram negative 18:1ω7 was detected (Ziegler
et al., 2005; Swallow and Quideau, 2020). The 10Me18:0
became enriched following depletion of the original glucose,
which was evidence of the importance of Actinobacteria in
recycling glucose originally incorporated in other bacterial
biomass (Ziegler et al., 2005). Incorporation of the 13C label
was increased in Actinobacteria PLFAs 5 days following 13C-
glucose addition while δ13C values in 16:0 and 18:0 PLFAs were
reduced (Dungait et al., 2011). Similarly, in our incubation, 10Me
PLFAs maintained strong 13C enrichment even after 67 days of
incubation (Figure 5).

When comparing the two forest floor types, the aspen
community was clearly more efficient than the spruce at utilizing
glucose for growth: all PLFAs became more 13C enriched in
aspen than in spruce forest floors (Figure 4), and incorporation
of 13C-glucose was greater in the aspen PLFAs, especially for
gram negative at the beginning, and gram positive, including
Actinobacteria, at the end of the incubation (Figure 5). These
results indicate rapid and preferential glucose anabolism by
gram negative bacteria in the aspen forest floor. Actinobacteria,
better able to utilize more complex C substrates (Ziegler
and Billings, 2011), such as those in microbial necromass,
played a larger role later in the incubation. Furthermore,
the aspen community respired less of the added glucose,
and corresponding PLFA-based SUEs were clearly higher for
the aspen (Figure 5). Together with an enhanced ability
to retain labile C through mineral sorption (Boča et al.,
2020), a greater microbial utilization efficiency of labile C
substrates such as glucose likely plays a role in the greater
and more persistent C stocks typically observed in aspen
mineral horizons compared to spruce (Laganière et al., 2017;
Sewell et al., 2020).

Microbial Response to Aspen Litter
Addition
Distinct differences in microbial communities between the two
forest floor types (Figure 3) have previously been reported
in comparable Luvisolic soils from the Mixedwood forest
of western Canada (e.g., Hannam et al., 2006; Swallow
and Quideau, 2013; Thacker and Quideau, 2021). Similarly

to these studies, differences in our study appeared to be
linked to specific PLFAs rather than to broader groupings
(e.g., gram positive bacteria). In the same way to what
we report here where Actinobacteria PLFAs (10Me17:0,
10Me18:0) and the gram positive i17:0 were correlated to
aspen (Figure 3), 10Me16:0, 10Me18:0 and i16:0 PLFAs
have been associated with aspen forest floors (Swallow and
Quideau, 2013). The gram negative 17:1ω7, which correlated
with spruce in our study (Figure 3), has previously been
recognized as an indicator PLFA for spruce forest floors
(Hannam et al., 2006). Furthermore, differences between
the two forest floors remained throughout the two months
of incubation, which is in agreement with the work from
Hannam et al. (2007), who did not detect any change
in microbial community structure when forest floors of
aspen and spruce were incubated in the field for 1 year
following reciprocal transfer to either spruce or aspen
stands. Microbial communities in aspen and spruce forest
floors remained distinct 17 years following clearcutting
of aspen and spruce stands where aspen was naturally
regenerating in both stand types (Thacker and Quideau,
2021). In the case of ecosystems from warmer climates (e.g.,
Potthast et al., 2010), or more drastic vegetation and/or land
management changes (e.g., Quideau et al., 2013), changes
in PLFA profiles are typically detected following vegetation
shifts. In the boreal forest of Western Canada, however,
this does not appear to be the case, and the long-lasting
legacy of the original forest floor seems to buffer microbial
communities against rapid structural changes following
vegetation shifts.

A greater amount of the added aspen leaves was respired
by the spruce community (Figure 2). Thus, results were
opposite of what would have been expected according to the
HFA theory (Ayres et al., 2009), which stipulates that the
microbial communities in the aspen forest floors would be
better adapted to mineralize the aspen litter when compared
to the communities present in the spruce forest floors. It is
entirely possible that different results would be obtained if a
litter decomposition study were to be conducted in situ, as
divergent conditions including higher moisture and lower
temperature may be slowing down decomposition processes
under spruce (Sewell et al., 2020). But under laboratory
conditions where abiotic limitations were lifted, there was
no apparent inhibition of aspen leaf decomposition by
the spruce community. Interestingly, greater aspen leaf
respiration by the spruce community did not necessarily
correspond to greater microbial biomass uptake, except
in the case of gram positive bacteria (Figure 5). From
a soil carbon balance point of view, this meant a faster
loss of aspen leaf carbon from the spruce forest floors,
but a comparable carbon retention in microbial biomass,
as suggested by the comparable SUE in both forest floors
by the end of the incubation period. Further, while our
study did not detect any differences between aspen and
spruce in terms of overall bacterial or fungal biomass, it is
possible that species-specific differences exist, such as those
observed in fungal species between spruce and beech forests
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(Asplund et al., 2019), which could have impacts on soil carbon
persistence. Differences in soil carbon storage have been linked
to distinct mycorrhizal fungal communities in boreal forest
soils (Clemmensen et al., 2015). In all cases, observations from
our study indicate that a transition from spruce to aspen will
initially increase the loss of aspen leaf litter through microbial
respiration, although incorporation into microbial biomass and
eventually more persistent soil carbon may not be affected.
Follow-up work is needed to test if these results hold true over
a longer time period.
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