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A B S T R A C T   

Studies of tree species effects on soils have revealed a significant impact on soil organic carbon (SOC) stocks and 
the carbon (C) distribution between forest floor and mineral soil, but the underlying mechanisms including the 
roles of litter traits, soil properties, and microbiome remain unclear. To address this challenge, we tested the 
effect of six common European tree species on the quality and nutrient availability of soil organic matter (SOM) 
as perceived by the naturally assembled microbial communities and explored the possible links between soil 
enzyme activities (EAs), microbial resource limitation, and microbial community with SOC stocks. The six 
studied tree species (Acer pseudoplatanus L., Fraxinus excelsior L, Fagus sylvatica L., Quercus robur L., Tilia cordata 
L., and Picea abies L.) were planted in common garden monocultures more than 40 years ago at six sites across 
Denmark. In forest floor, microbial biomass C, fungal and total microbial biomass and fungi to bacteria (F/B) 
ratios decreased with decreasing litter quality. Ecoenzymatic stoichiometry and relative EAs indicated that 
microbes in spruce forest floor were more limited by phosphorus (P) than in maple, lime, and beech, while 
microbes in mineral soils were less P limited in spruce than in other monocultures. Mineral soil under the tree 
species associated with arbuscular mycorrhizal (AM) fungi had higher microbial C and P limitation, bacterial 
biomass and total microbial biomass than under tree species associated with ectomycorrhizal (EcM) fungi. Our 
results indicated that tree species with high-quality litter (i.e. AM-associated trees) had (i) higher microbial 
biomass and less nutrient limitation that were conducive to higher decomposition rates and lower C stocks in the 
forest floor, and (ii) such tree species could lead to both greater stabilization of mineral soil C by mineral- 
associated OM formation and greater microbial mineralization of SOM with higher microbial resource de-
mand. The results suggest that tree species-mediated EA, microbial resource limitation and microbial community 
composition are important drivers of stocks and vertical distribution of SOC among tree species and between the 
two types of associated mycorrhiza.   

1. Introduction 

Sequestration of carbon (C) in soil is considered as one of many 
strategies for mitigating climate change (Board, 2019; Paustian et al., 
2019). Forest soils store substantial amounts of C (ca. 700 Pg) and play 
an important role in the C cycling of terrestrial ecosystems (Lal et al., 
2013). Quantitative estimates of tree species effects on soil organic 
carbon (SOC) stocks have revealed that different tree species have a 
significant impact on SOC and its distribution between forest floor and 
mineral soil (Vesterdal et al., 2008). A recent hypothesis-known as the 

“Microbial Efficiency-Matrix Stabilization (MEMS) Hypothesis”-posited 
that tree species with high quality litter (i.e. low lignin/nitrogen ratios) 
supporting fast decomposition will lead to more pronounced microbial 
transformation and stabilization of litter C (Cotrufo et al., 2013). This is 
in contrast with the conventional view that recalcitrant litter contributes 
more to soil organic matter (SOM) formation than labile litter (Berg and 
McClaugherty, 2008). Although the two mechanisms can play a critical 
role in driving patterns in C stocks among tree species and recent studies 
are providing support to both mechanisms in certain contexts (Cotrufo 
et al., 2015; Lin et al., 2017; Craig et al., 2018; Prescott and Vesterdal, 
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2021), the underlying mechanisms behind the patterns in soil C stocks 
under different tree species remain unclear. Given the vital role of soil 
microorganisms and soil enzymes in C and nutrient cycling, studies of 
tree species effects on enzyme activities (EAs), microbial resource lim-
itation, and community composition in parallel would provide new in-
sights about the mechanisms in control of soil C stocks under different 
tree species. 

Tree species may differ in a variety of traits, such as chemical and 
physical litter properties, depth distribution and turnover of roots, 
mycorrhizal association, and effects on microclimate and capacity to 
redistribute nutrients (Russell et al., 2007). Most tree species are asso-
ciated with the two dominant classes of mycorrhizal fungi, arbuscular 
mycorrhizal fungi (AM) and ectomycorrhizal fungi (EcM) (van der 
Heijden et al., 2015; Tedersoo et al., 2020). The differences in microbial 
community composition, soil fauna community and nutrient economy 
between AM and EcM associated trees may play an important role in 
shaping SOC patterns (Phillips et al., 2013; Tedersoo et al., 2020). High 
C:N ratios and lignin contents in litter under EcM-associated trees are 
thought to support slow decomposition rates and thus create an organic 
nutrient economy mediated mainly by fungi, while low C:N ratios and 
lignin contents in leaf litter of AM-associated trees should support fast 
decomposition rates and thus maintain an inorganic nutrient economy 
more driven by bacteria (Wardle et al., 2004; Phillips et al., 2013; Lin 
et al., 2017). Moreover, the AM-associated trees may enhance deeper 
incorporation of C by more active soil macrofauna communities and by 
higher root-derived C input (Schelfhout et al., 2017; Craig et al., 2018; 
Keller et al., 2021; Peng et al., 2021). In contrast, topsoil under 
EcM-associated trees can have higher C stocks than under AM-associated 
trees due to EcM-saprotroph competition and recalcitrant foliar litter 
(Gadgil and Gadgil, 1975; Averill and Hawkes, 2016; Craig et al., 2018). 
Tree species and their mycorrhizal associations influence C stocks from 
the upper organic layer to the subsoil (Vesterdal et al., 2008; Averill and 
Hawkes, 2016; Craig et al., 2018), but it remains unclear how differ-
ences in EAs and microbial resource limitation along with microbial 
community composition potentially contribute to the patterns in C 
stocks. 

During the decomposition of SOM, microbes produce a wide range of 
extracellular enzymes that catalyze the degradation of complex OM to 
low molecular weight compounds they can assimilate to meet their 
resource demand (Sinsabaugh and Follstad Shah, 2012). β-1,4- gluco-
sidase (BG), leucine amino peptidase (LAP), β-1,4-N-acetylglucosami-
nidase (NAG), and acid or alkaline phosphatase (AP) have been studied 
as indicators of energy (C) demand, N demand, and P demand, respec-
tively (Sinsabaugh et al., 2008; Waring et al., 2013b). Other hydrolytic 
and oxidative soil enzymes, such as β-1,4-xylosidase (BX), α-1,4-gluco-
sidase (AG), and peroxidase have also been of interest for decades as 
related to the understanding of SOM decomposition (Tabatabai, 1994; 
Allison et al., 2010). The application of EAs and ecoenzymatic stoichi-
ometry (ES) including vector analysis has been used to infer microbial 
metabolic activity and resource limitation in ecosystems (Allison et al., 
2010; Moorhead et al., 2013; Fanin et al., 2016). For example, Moorhead 
et al. (2016) proposed calculating the length and angle of vectors 
created by the plot of BG/AP versus BG/(NAG + LAP), to quantify 
relative C versus nutrient acquisition (vector length) and P versus N 
acquisition (vector angle). Under different tree species with different 
amounts and types of available substrates, microbes have different 
resource limitations that trigger specific acquisition strategies (i.e., via 
their production of C vs. N acquisition enzymes) to obtain C and nutri-
ents from SOM, which can affect the fate of C and N (Phillips et al., 2013; 
Cheeke et al., 2017). Moreover, microorganisms under different tree 
species may also differ in community composition and the relative 
abundance of different functional groups (i.e., higher soil fungal domi-
nance under conifers and EcM-associated trees), which may contribute 
differently to SOM degradation and mineral-associated organic matter 
(MAOM) formation (Wardle et al., 2004; Heděnec et al., 2020; Angst 
et al., 2021). Hence, the investigation of how tree species affect EA, 

microbial resource limitation and microbial community composition 
may provide new insights into the mechanisms behind the differences in 
soil C stocks under different tree species. 

While some studies have examined the effect of tree species and 
mycorrhizal associations on nutrient cycling, soil EAs and microbial 
community composition (Phillips et al., 2013; Midgley and Phillips, 
2016; Craig et al., 2018), how this translated into consequences for the 
dynamics and stocks of soil C remain uncertain. Most previous studies 
targeting these questions were mainly conducted at different sites (i.e., 
AM grassland vs. EcM temperate forests) or at the same plots where AM 
and EcM associated tree species co-occurred with different gradients in 
AM vs EcM dominance. Replicated common garden experiments are 
valuable for studying tree species effects on biogeochemical processes as 
the confounding effect of site-related factors can be minimized. Studies 
using the common garden design are rare, especially for long-lived 
vegetation such as trees, but the few existing studies have reported 
that tree species identity significantly impacts on the magnitude of C and 
N pools in the soil as well as on C and N transformation processes 
(Vesterdal et al., 2008, 2013; Christiansen et al., 2010). Vesterdal et al. 
(2008) found very different C stocks in the forest floor under tree species 
as dependent on litter quality or mycorrhizal association. There was less 
variation among tree species and mycorrhizal associations in C stock in 
top mineral soil, but a trade-off appeared between forest floor C and 
mineral soil C stocks with less forest floor C and more mineral soil C in 
species with high litter quality or AM association and vice versa in 
species with low litter quality or ECM association. In the same multisite 
common garden experiments, Schelfhout et al. (2017) and Peng et al. 
(2021) found that functional earthworm groups and soil faunal com-
munities were also highly influenced by the tree species via several leaf 
litter and/or tree species-driven soil characteristics. 

This study aimed to examine the effects of tree species and their 
mycorrhizal associations on the quality and nutrient availability of the 
SOM as perceived by the naturally assembled microbial communities in 
forest floor and mineral soil in a multi-site common garden experiment, 
and to explore the possible links between soil EA, microbial resource 
limitation, and microbial community with SOC stocks. We characterized 
variations in soil physicochemical properties, soil EAs, microbial 
resource limitations inferred from ES-based vector characteristics, and 
microbial community composition in forest floor and mineral soil (0–5 
cm). In the forest floor, we hypothesized (H1) that tree species with 
high-quality litter (i.e., maple) would have lower microbial nutrient 
limitation (i.e., lower C/nutrient ratios, lower Nenz and Penz activities 
and lower relative P vs. N limitation), lower fungal dominance and 
higher total microbial biomass than tree species with low-quality litter 
(i.e., lime, oak, beech and spruce). In turn, higher litter quality tree 
species would support fast litter decay rates and lower C stocks. In 
mineral soil, we hypothesized (H2) that soils in AM-associated trees (i.e., 
ash and maple) would have higher microbial C limitation (i.e., lower C/ 
N ratios, higher Cenz activity and higher relative C vs. nutrient limita-
tion), bacterial dominance and total microbial biomass than in soils 
under EcM-associated trees, which would support higher C stocks in top 
mineral soil under AM-associated trees. 

2. Materials and methods 

2.1. Study site 

The study was carried out in a common garden design based on 47- 
year-old monoculture stands of six common European tree species; the 
broadleaves beech (Fagus sylvatica L.), pedunculate oak (Quercus robur 
L.), lime (Tilia cordata L.), sycamore maple (Acer pseudoplatanus L.) and 
ash (Fraxinus excelsior L.) and the conifer Norway spruce (Picea abies (L.) 
Karst.). Two of the tree species are associated with arbuscular mycor-
rhizae (ash and maple) and the remaining four are associated with 
ectomycorrhizae. The common garden experiment was replicated at six 
sites across Denmark (Odsherred, Viemose, Wedellsborg, Vallø and 
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Mattrup and Kragelund) but there was no replication of tree species 
within each site, i.e., there is one stand of each species present in each 
site. Five of the sites were planted in 1973 and one site (Kragelund) was 
planted in 1960. Individual tree species plots were approximately 0.25 
ha at the five sites and were 0.03–0.05 ha at Kragelund. Two of six study 
sites (Kragelund and Mattrup) were former agricultural land while the 
other sites were previously forested with Fagus sylvatica at least since the 
beginning of the 19th century. The common garden design was almost 
complete, except the ash stand was missing in Vallø and Norway spruce 
was damaged by windstorm in Wedellsborg (Vesterdal et al., 2008). 

2.2. Sample collection 

Within each study site, 15 randomly arranged, sampling plots (50 cm 
* 50 cm) were selected beneath each tree species in May 2019. In each 
plot, soil samples were taken from the forest floor and the top mineral 
layer (0–5 cm). Forest floors were sampled carefully in order to avoid 
contamination with the mineral material. Forest floors were defined as 
the organic material above the mineral soil and sampled on an area basis 
using a 25 cm × 25 cm wooden frame. Forest floor samples of ash were 
not collected as ash leaves decompose very fast after falling. Samples 
from each site were composited one sample per tree species stand. 
Samples were placed in coolers in the field and transported back to the 
University of Copenhagen for subsequent analyses where they were 
stored at 4 ◦C. For impurity elimination and homogenization, soils were 
sieved through a 2-mm mesh sieve and forest floors were hand-sorted to 
remove herbaceous litter and roots if present. Each composite sample 
was divided into three portions: the first was frozen at 4 ◦C for subse-
quent enzymatic activity analysis; the second was frozen at − 80 ◦C for 
PLFA analysis; and the third was air-dried for physicochemical analysis. 

2.3. Enzyme extraction and assays 

We measured the potential activities of eight extracellular enzymes: 
β-1,4-glucosidase (BG), α-1,4-glucosidase (AG), and β-xylosidase (BX), 
β-1,4-N-acetyl-glucosaminidase (NAG), l-leucine aminopeptidase (LAP), 
acid phosphatase (AP), polyphenol oxidase (PPO), and peroxidase 
(POD) (German et al., 2011; Bell et al., 2013). AG, BG, BX, NAG, LAP, 
and AP are hydrolytic enzymes while PPO and POD are oxidative en-
zymes. 2.75 g of the fresh soil sample was homogenized in 91 mL of 50 
mM sodium acetate buffer (pH 5.0) in a blender for 1 min. For hydrolytic 
enzyme assays, soil slurries (800 μl) of three technical replicates were 
then added to a 96-deepwell microplate filled with 200 μl of 200 μM 
substrate using an eight-channel pipette. For each sample two standard 
plates were made with soil slurries (800 μl) mixed with the two fluo-
rogenic moieties (200 μl), 4-methylumbelliferone (MUB) and 7-ami-
no-4-methylcoumarin (AMC) (0–100 μM and 0–10 μM, respectively). 
From these two standard plates, we calculated curves to correct for 
quenching of fluorescence due to floating soil or organic particles. Each 
plate of soil-substrate mixture and corresponding two standard plates 
were incubated for 4 h at 25 ◦C. After the incubation period, plates were 
centrifuged for 3 min at 3000 rpm, after which 250 μl of supernatant was 
transferred from each well into a black flat-bottomed 96-well plate. PPO 
and POD activities were measured spectrophotometrically using L-3, 
4-dihydroxyphenylalanine (LDOPA) as the substrate. The hydrogen 
peroxide (0.3%) was added for the determination of POD activity. 
Fluorescence was read using an excitation wavelength at 365 nm and 
emission wavelength at 450 nm for the hydrolytic enzymes, and 
absorbance was read at 460 nm for PPO and POD on a microplate reader 
(SpectraMax i3, Molecular Devices, USA). Enzyme activities was 
calculated and converted to per gram dry wight (nmol g− 1 dw h− 1) and 
normalized to per milligram organic carbon (nmol mg− 1 C h− 1). We then 
summed the AG, BG, and BX activities for total C-acquisition enzymes 
(denoted as Cenz), and the NAG and LAP activities for the total 
N-acquisition enzymes (denoted as Nenz), and the PPO and POD activ-
ities for the total oxidative enzymes. We referred to the AP activity as 

Penz. We present all C-acquisition enzymes combined, because the tree 
species effects were very similar for BG alone and for all C-acquisition 
enzymes (Fig. S1). The enzymatic ratios of Cenz/Nenz, Cenz/Penz and 
Nenz/Penz were subsequently calculated as (AG + BG + BX)/(NAG +
LAP), (AG + BG + BX)/AP and (NAG + LAP)/AP, respectively (Sinsa-
baugh et al., 2008; Fanin et al., 2016; Maxwell et al., 2020). For better 
interpreting patterns of ES, we plotted Cenz/Nenz ratios against Cenz/Penz 
ratios and calculated the ES-based vector as the distance and angle from 
the origin (Moorhead et al., 2013, 2016). We interpreted increasing 
vector lengths as stronger relative C vs. nutrient limitation and 
increasing vector angles as stronger relative P vs. N limitation, i.e., 
vectors angles >45◦ and <45◦ indicate relatively stronger limitation of P 
and N, respectively (Sinsabaugh and Follstad Shah, 2012; Moorhead 
et al., 2013). In addition, a principal component analysis (PCA) based on 
relative EAs was used as a tool to indicate the microbial resource 
acquisition for C, N and P. Relative EAs were calculated by dividing one 
absolute enzyme activity by the sum of all absolute EAs in each sample. 
Only activities of hydrolytic enzymes were involved in the calculation of 
relative EAs since they were all measured in comparable substrates (i.e., 
MUB and AMC). 

2.4. Microbial biomass C, N and P 

The concentration of microbial biomass carbon (MBC), microbial 
biomass nitrogen (MBN) and microbial biomass phosphorus (MBP) were 
estimated from fresh soil and litter samples, using chloroform 
fumigation-extraction (Brookes et al., 1985; Vance et al., 1987). For 
each sample, one sub-sample was fumigated with chloroform for 24 h in 
vacuum. Then, fumigated and non-fumigated samples were extracted 
with deionized water (soil: solution ratio of 1:5 and litter: solution ratio 
of 1:30), shaken at 130 rpm for 45 min followed by centrifugation and 
filtration (0.45 μm). The method was modified according to Nordin et al. 
(2004) and Halbritter et al. (2020), who showed that relative elemental 
amounts of C, N and P in salt and water extracts give equivalent results. 
Extractable organic C (EOC) and extractable total N in fumigated and 
non-fumigated samples were analyzed using a total organic carbon 
analyzer with an N measuring unit (TOC-V and TNM-1 unit, Shimadzu 
Corporation, Japan). The extractable P content was determined as 
ortho-P (PO4–P) concentration by the salicylate method on an 
auto-analyzer (AA500, SEAL Analytical, Germany). MBC, MBN and MBP 
were calculated as the difference of fumigated and non-fumigated 
samples, with a correction for extraction efficiency of 45% (Wu et al., 
1990) and 54% and 40% (Brookes et al., 1985) respectively, and were 
expressed as microgram C, N or P per milligram organic carbon (μg mg 
C− 1). 

2.5. Microbial community composition 

Microbial community composition was determined by analysis of 
group-specific phospholipid fatty acids (PLFAs) according to Frostegård 
et al. (1993) with modifications (Cruz-Paredes et al., 2017). Briefly, 0.5 
g forest floor freeze-dry subsample or 2 g of top mineral soil freeze-dry 
subsample were used for total lipid extraction in Bligh and Dyer (chlo-
roform: methanol: citrate buffer at pH 4.0, 1:2:0.8 by volume), eluted 
selectively, and subjected to mild methanolysis. Resulting PLFAs were 
analyzed on a gas chromatograph equipped with a flame ionization 
detector (Agilent 6890, Agilent Technologies, Palo Alto, USA), and 
quantified in relation to an internal standard (19:0). The PLFA 18:2ω6,9 
was used as an indicator of fungal biomass and PLFAs for estimation of 
bacterial biomass included i14:0, i15:0, a15:0, i16:0, 16:1ω9, 16:1ω7c, 
10Me16:0, i17:0, a17:0, 17:1ω8, cy17:0, 10Me17:0, 18:1ω7, 10Me18:0 
and cy19:0. The fungal to bacterial ratio was based on the 18:2ω6,9 to 
bacterial PLFA ratio (Frostegård et al., 2011). The ratio between 
Gram-positive (GP) and Gram-negative (GN) bacteria (the GP/GN ratio) 
was based on the sum of the PLFAs i14:0, i15:0, a15:0, i16:0, i17:0, 
a17:0, as indicators of Gram-positive (GP) bacteria, and the sum of the 
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PLFAs 16:1ω9, 16:1ω7, cy17:0, 18:1ω7 and cy19:0 for Gram-negative 
(GN) bacteria (Fanin et al., 2019). The sum of actinomycetes included 
10Me16:0, 10Me17:0 and 10Me18:0. The sum of bacterial PLFAs, fungal 
PLFAs, and unclassified PLFAs was used as a measure of total microbial 
biomass. The concentration of individual PLFAs was expressed as nmol 
PLFAs per mg organic carbon (nmol mg C− 1). The PLFA composition was 
converted to relative abundances (mol%) before being subjected to 
principal component analysis (PCA) to compare PLFA composition dif-
ferences (see section 2.7). 

2.6. Analysis of soil physicochemical properties 

Moisture content was determined from subsamples dried to constant 
mass at 105 ◦C for 48 h. The pH was measured at the soil: 0.01 M CaCl2 
ratio of 1:5 and analyzed with a Radiometer combination-electrode 
GK2401 (Radiometer, Copenhagen, Denmark). Soils and forest floor 
samples were ground with a PM-400 ball mill (Retsch Technology 
Cooperation, Germany) for C and N measurements. Total C and N con-
centrations were measured on finely ground samples with an elemental 
analyzer (Thermo Fisher Scientific, Waltham, MA, USA). As indicated by 
pH ranges (Table 1), there was no inorganic C (CaCO3) in the sampled 
soils, and all measured C values were consequently considered to 
represent organic C. Total P concentration in forest floor samples was 
determined on a quadrupole-based ICP-MS (iCAP Qc, ThermoFisher 
Scientific, Bremen, Germany) after nitric acid digestion (Webb and 
Adeloju, 2013). Briefly. 0.3 g of dry material with 10 ml of concentrated 
HNO3 were added to a sealed flask, microwave digested with 180 ◦C and 
high pressure for 25 min, then transferred and diluted to a plastic tube, 
and staying overnight for ICP analysis. The soil P content in soil samples 
was determined as ortho-P (PO4–P) concentration by the salicylate 
method on the auto-analyzer (AA500, SEAL Analytical, Germany) after 
sulfuric acid extraction. Briefly, 1.2 g of soil was extracted with 30 ml 
0.1 M H2SO4 and shaken for 2h and left to sediment. The supernatant 
was then filtered through a 0.45 μm membrane filter before analysis. 
Water extractable C, N, and P was determined in the extracts of the 
non-fumigated samples as mentioned above. 

2.7. Statistical analyses 

The effects of tree species on physiochemical properties, EAs, mi-
crobial resource limitation (ES-based vector characteristics), and 

microbial community compositions in both forest floor and mineral soil 
were analyzed by linear mixed model with site as random effect and tree 
species as fixed effect. Individual differences among tree species were 
tested by Tukey post-hoc tests when linear mixed model was significant. 
The effects of mycorrhizal association of tree species (arbuscular vs. 
ectomycorrhizal) on physiochemical properties, EAs, microbial resource 
limitation and microbial community compositions in mineral soil were 
analyzed by the independent samples t-test (Welch Test) to account for 
unequal sample sizes in the two mycorrhizal groups. There was no 
replication of the stands within the site, so the interaction between 
species and sites could not be analyzed. PCA of microbial community 
compositions, relative EAs and absolute EAs was conducted with Fac-
toMineR package (Husson et al., 2013). Tree species effects on dissimi-
larities in microbial community were tested by permutational analysis of 
variance (PerMANOVA) using the Adonis function in the vegan package 
vegan with 999 permutations (Anderson, 2001; Oksanen et al., 2017). 
The PC1 of absolute EA were extracted from the PCAs using factoextra 
package (Kruse and Borgelt, 2002). The correlation of organic carbon 
stock with microbial resource limitation, total microbial biomass, and 
the PC1 of EAs were analyzed separately in forest floor and mineral soil 
by linear regression model. All the analyses were performed in R 
(version 3.6.0; R Development Core Team, 2018). 

3. Results 

3.1. Soil physicochemical properties 

Tree species had significant effects on pH, C/N ratio and extractable 
organic carbon (EOC) concentrations in both forest floor and mineral 
soil (p < 0.05; Table 1). Forest floor ranged in pHCaCl2 from 3.73 to 5.5 
and mineral soil from 3.3 to 4.4 (Table 1). Forest floor pH was lowest 
under spruce but highest under lime, and pH in the mineral soil was 
lower in spruce than in all other tree species (p < 0.05). Lime had higher 
forest floor C/N ratios but a lower extractable total N and P (ETN and 
ETP) than oak. The extractable total N (ETN) in forest floor was higher in 
beech than in spruce and lime. Spruce had the lowest EOC and 
extractable total phosphorus (ETP) concentrations in the forest floor, 
while it had the highest EOC and ETP concentration in mineral soil. AM- 
associated trees had higher soil pH but lower C/N ratio and lower EOC 
concentrations in mineral soil than EcM-associated trees (all p < 0.05). 

Table 1 
Physicochemical properties in six tree species and associated two mycorrhiza groups.   

pH-CaCl2 Moisture TC C/N C/P EOC ETN ETP EOC/ETN EOC/ETP 

g H2O g dw− 1 mg g dw− 1 mg g dw− 1 ug g dw− 1 

Forest floor           
Maple 4.8 (0.1)b 0.61 (0.02) 468 (6) 28 (2)ab 439 (19) 13 (2.9)a 0.62 (0.16)ac 97 (27)ab 23 (5)a 153 (18) 
Lime 5.5 (0.1)a 0.53 (0.05) 458 (6) 30 (1)a 493 (73) 6.6 (1.5)b 0.32 (0.07)c 80 (27)b 23 (4)a 169 (65) 
Oak 4.9 (0.1)b 0.52 (0.06) 449 (12) 25 (1)b 438 (33) 7.9 (1.7)ab 0.85 (0.22)ab 203 (41)a 14 (5)ab 44 (11) 
Beech 5.1 (0.1)b 0.55 (0.05) 450 (8) 26 (2)ab 491 (51) 9.2 (1.5)ab 1.02 (0.17)a 165 (45)ab 10 (1)b 74 (16) 
Spruce 3.7 (0.1)c 0.49 (0.06) 413 (33) 25 (1)b 469 (62) 3.6 (0.6)b 0.43 (0.06)bc 71 (22)b 9 (2)b 105 (54) 
Species (p) < 0.001 0.465 0.112 0.046 0.727 0.01 0.012 0.037 0.031 0.145 
Mineral soil           
Ash 4.2 (0.2)ab 0.21 (0.03) 38 (6)b 13 (0.6)c 105 (14) 0.2 (0.0)b 0.03 (0.00) 5 (2)b 9 (2)b 65 (15) 
Maple 4.4 (0.2)a 0.22 (0.02) 38 (7)b 14 (0.6)b 139 (22) 0.3 (0.1)b 0.04 (0.01) 4 (2)b 9 (3)b 205 (102) 
Lime 4.4 (0.2)a 0.21 (0.02) 36 (6)b 15 (0.8)b 123 (15) 0.3 (0.1)b 0.04 (0.01) 3 (2)b 10 (2)b 310 (117) 
Oak 3.7 (0.0)bc 0.25 (0.09) 48 (9)b 15 (0.9)b 118 (17) 0.4 (0.1)b 0.04 (0.01) 3 (2)b 11 (2)b 250 (73) 
Beech 3.8 (0.1)b 0.22 (0.03) 38 (5)b 15 (0.7)b 155 (18) 0.3 (0.0)b 0.03 (0.00) 3 (1)b 9 (1)b 250 (103) 
Spruce 3.3 (0.1)c 0.19 (0.03) 74 (14)a 19 (0.5)a 157 (25) 0.8 (0.2)a 0.05 (0.01) 8 (1)a 16 (3)a 95 (21) 
Species (p) < 0.001 0.971 < 0.001 < 0.001 0.279 < 0.001 0.226 < 0.001 0.013 0.236 
AM 4.3 (0.1) 0.22 (0.02) 38 (4) 14 (0.4) 123 (14) 0.3 (0.0) 0.04 (0.0) 4 (1) 9 (2) 141 (58) 
EcM 3.8 (0.1) 0.22 (0.02) 48 (5) 16 (0.5) 137 (10) 0.4 (0.1) 0.04 (0.0) 4 (1) 11 (1) 232 (45) 
Mycorrhiza (p) 0.004 0.981 0.155 0.005 0.411 0.046 0.33 0.841 0.347 0.232 

Means (SE) for tree species were based on six sites, except ash and spruce at five sites. Means (SE) for mycorrhiza association were based on two groups: arbuscular 
mycorrhiza (AM) associated: ash and maple; ectomycorrhiza (EcM) associated: beech, lime, oak and spruce. Values within a layer followed by different letters are 
significantly different (Tukey’s HSD, p < 0.05). TC, total carbon; EOC, extractable organic carbon; ETN, extractable total nitrogen; ETP, extractable total phosphorus; 
Data in bold indicate statistical significance. 
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3.2. Enzyme activities and microbial resource limitation 

In forest floor, maple, lime and beech showed higher Cenz and Nenz 
activities than spruce (p < 0.05; Fig. 1A and B). The activities of oxidases 
were lower under lime than under maple, oak and beech in forest floor 
(p < 0.05; Fig. 1D). Spruce had lower Penz activity than beech in forest 
floor and had lower Penz activity than all other tree species in mineral 
soil (p < 0.05; Fig. 1C and G). Spruce also showed lower Nenz and oxidase 
activities than lime and oak in mineral soil (p < 0.05; Fig. 1F and H). 
Mineral soils under AM-associated trees had higher Cenz activities (p <
0.01; Fig. 1E), while soils under EcM-associated trees had higher Nenz 
activities (p < 0.01; Fig. 1F). 

Vector lengths, indicating relative C vs. nutrient limitation, did not 
differ significantly among tree species in forest floor. Vector angles were 
larger than 45◦ under all tree species in both forest floor and mineral 
soil, which indicated that microbes were mainly P limited rather than N 
limited. Microbial P limitation in forest floor under spruce was higher 
than in forest floors of other tree species (p < 0.05; Fig. 2C), except oak, 
which did not differ significantly from spruce. The principal component 
analysis (PCA) of relative EAs also showed that microbial P limitation 
(as indicated by relative AP activities) was high in spruce (Fig. 2D). For 
mineral soil, the results of vector lengths and angles revealed that mi-
crobial C and P limitation in mineral soil was greater under AM- 
associated trees than under EcM-associated trees (p < 0.001 and p <
0.05; Fig. 2F and G). These results also were in accordance with the PCA 
of relative EAs in which ash and maple was associated with high relative 
Cenz and Penz activities in mineral soils (Fig. 2H). 

3.3. Microbial biomass stoichiometry and community composition 

In forest floor, MBC decreased significantly from maple to spruce, 
with maple, lime and oak having higher MBC than spruce (p < 0.05). 

MBC/MBN and MBC/MBP ratios in forest floor showed no significant 
difference among tree species, while MBN/MBP ratios in maple, lime 
and oak were significantly higher than in spruce (p < 0.05). In mineral 
soil, MBC in spruce was lower than in ash, maple and beech (p < 0.05), 
while MBC/MBN ratios did not differ significantly among tree species 
(Fig. 3). 

Total microbial and fungal biomass, and the ratio of fungi to bacteria 
decreased in the same order as MBC in forest floor, e.g. maple > lime >
oak > beech > spruce (Fig. 4), while actinomycetes and the ratio of GP/ 
GN (gram-positive bacteria to gram-negative bacteria) had the reverse 
order (Fig. S4). In mineral soil, bacteria, fungi, actinomycetes and total 
microbial biomass were lowest in spruce, but spruce had the highest 
ratio of GP/GN (Fig. 4 and Fig. S4). Mineral soils under AM-associated 
trees had significantly higher bacteria, actinomycetes, GN and total 
microbial biomass than under EcM-associated trees (Fig. 4 and Fig. S4). 

3.4. Relationships between enzyme activity, microbial community 
composition and SOC stocks 

The first principal component (PC1) and the second principal 
component (PC2) in a PCA of microbial PLFA composition in the forest 
floor explained 47.7% and 17% of the variation, respectively; while PC1 
and PC2 of the PCA in mineral soil explained 32.4% and 19.5% of the 
variation, respectively (Fig. 5). Permutational multivariate analysis of 
variance (PerMANOVA) revealed that tree species affected microbial 
community composition significantly in forest floor and in mineral soil 
(both p < 0.001, Fig. 5). Maple and lime in forest floor were associated 
with higher relative abundances of fungi (18:2ω6,9). Spruce showed a 
distinctly different soil microbial community composition among tree 
species and was associated with high abundance of GP bacteria (i16:0 
and i17:0) in both forest floor and mineral soil (Fig. 5). More than half of 
the variances in absolute EAs were explained by PC1 axes in both forest 
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floor (60.6%) and mineral soil (55.1%). PC1 of EAs was positively 
correlated to activities of C-, N-, and P-acquisition enzymes in forest 
floor, and it was positively correlated to activities of all measured en-
zymes in mineral soil (Fig. S3). 

Carbon stock in the forest floor was positively correlated with vector 
angle, i.e., relative P vs. N limitation, and was negatively correlated with 
total microbial biomass and PC1 axis for EA (Fig. 6). However, carbon 
stock in mineral soil was negatively correlated with vector angle and 
was positively correlated with total microbial biomass and PC1 axis for 
EA (Fig. 6). 

4. Discussion 

4.1. The effects of tree species in forest floor 

In line with our first hypothesis, MBC and total microbial biomass 
decreased with litter quality, and microbial P vs. N limitation inferred 
from ES-based vector characteristics was higher under spruce than other 
tree species (Figs. 2 and 3). The high microbial P limitation in spruce 
forest floor was in line with the lowest ETP concentrations under spruce 
(Table 1). This indicates a negative relationship between microbial P 
limitation and soil P availability, which agrees with previous studies 
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(Treseder and Vitousek, 2001; Allison et al., 2007; Maxwell et al., 2020). 
In addition, we found that microbial biomass and the activities of all 
hydrolytic enzymes were lowest in spruce forest floor (Figs. 1 and 4). 
This was in line with previous findings that conifer trees differ in soil 
microbial and faunal communities from those in deciduous trees (Saetre 
and Bååth, 2000; Hannam et al., 2006; Heděnec et al., 2020; Peng et al., 
2021). Spruce litter contains a high amount of poor quality substrates, e. 
g., high lignin concentration (Vesterdal et al., 2012; Peng et al., 2021), 
which is energetically costly for microbial degradation. The microbial 
community composition in spruce revealed the highest GP/GN ratio in 
both forest floor and mineral soil (Fig. S4), which is interpreted as a 
response to the high concentrations of complex C compounds in spruce 
(Fanin et al., 2019). Taken together, the high P limitation, low microbial 
biomass, and low microbial assimilability of spruce litter might explain 
previously observed high C stocks in the spruce forest floors (Vesterdal 
et al., 2008; Steffens et al., 2022). Within broadleaves, microbial P 
limitation was not significant different between the AM-associated 
maple and some of the EcM-associated trees (i.e. lime) (Fig. 2C), 
which is consistent with that ETP concentrations showing small differ-
ences among these tree species (Table 1). 

Surprisingly, we found that fungal biomass, and the ratio of fungi to 
bacteria (F/B) decreased with lower litter quality in the forest floor 
(Fig. 4). This result contrasted with H1 that the relative abundance of 
fungi would be higher in trees associated with low-quality litter, since 
the fungal energy channel dominates in nutrient-poor and infertile 
systems (Wardle et al., 2004). The high fungal biomass and F/B ratio in 
high-quality litter may be explained by fungi having a competitive 
growth advantage over bacteria in the use of high-quality C substrates 
(Rousk and Bååth, 2007; Fontaine et al., 2011; Rousk and Frey, 2015; 
Soares et al., 2017). Indeed, fungal growth may dominate in the forest 
floor as shown by the high F/B ratios, especially in the case of 
high-quality litter (e.g., F/B > 1 in maple and lime), compared to the 
relatively low F/B ratio in mineral soil (<0.075 in all soils) (Fig. 4). 
Moreover, the inverse relationships between F/B ratios (Fig. 4) and C 
stocks (Vesterdal et al., 2008) indicated a critical role of F/B ratios in 
driving the forest floor C stocks among tree species, which is in line with 
previous findings that F/B ratios can have significant impacts on soil C 
and nutrient cycling across ecosystems (Waring et al., 2013a; Cheeke 

et al., 2017). 

4.2. The effects of tree species in mineral soil 

Mineral soil under AM-associated trees had higher Cenz activities, 
microbial C limitation (vector lengths) and microbial P limitation 
(vector angles) than soils under EcM-associated trees. These supported 
our hypothesis (H2) and was consistent with the lower concentrations of 
EOC and lower soil C/N ratios in AM-associated trees than EcM- 
associated trees (Table 1). The inferred high microbial P limitation 
(greater vector angles) in AM-associated trees may be related to a large P 
demand driven by high N availability, high microbial activity in AM 
soils (Phillips et al., 2013; Keller and Phillips, 2019), and greater bac-
terial abundance (Fig. 4). Some studies have shown that bacteria have 
greater nutrient requirements than fungi (Sterner et al., 2002; Elser 
et al., 2003). Indeed, we found that soil microbial respiration and bac-
terial growth rates under AM-associated tree species were higher than 
under EcM-associated tree species in our common garden (Heděnec 
et al., 2020). Moreover, the higher microbial C and P limitation in AM 
soils may stimulate microbial SOM decomposition and is consistent with 
the idea that C and nutrient turnover rates are higher in AM forests than 
in EcM forests (Phillips et al., 2013). 

The greater Cenz activities in AM-associated trees than EcM- 
associated trees contrast with recent studies showing that BG activities 
did not differ between mycorrhizal types (Midgley and Sims, 2020) and 
that BG activities increased with relative abundance of EcM-associated 
trees (Fitch et al., 2020). These discrepancies are likely due to differ-
ences in metrics used for EAs, tree species included in the studies, and 
site conditions. For example, we found a significant difference in Nenz 
activities between AM and EcM associated trees when EAs were 
normalized by soil C concentrations, but the significant differences in 
mineral soil disappeared when the EAs were expressed per g dry weight 
(Fig. S2). Regarding site conditions, the pH values (5.6–6) at the Morton 
Arboretum forest (Midgley and Sims, 2020) were higher compared to 
those in our common garden (3.8–4.3), which may indicate that the 
effects of mycorrhizal associations on EA can be modulated by site 
conditions such as soil pH and related biogeochemical properties. 
Furthermore, spruce is a coniferous tree species with distinct litter 
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quality compared to broadleaved trees, and lime had substantial over-
laps in litter quality, physicochemical soil properties and microbial 
community with those of AM-associated trees (i.e., ash and maple) in 
spite of being associated with EcM fungi (Vesterdal et al., 2008; Heděnec 
et al., 2020). EA differences among the tree species may therefore have 
been driven by litter quality rather than mycorrhizal association per se. 
Consequently, experiments based on large scales across varied edaphic 
conditions or meta-analyses considering specific EAs (activity normal-
ized to microbial biomass or substrate availability) and with separation 
of mycorrhizal association and phylogenetic grouping are needed to 
examine the effect of mycorrhizal types on EAs and associated C 
dynamics. 

4.3. Linking SOC stock with enzyme activity, microbial resource 
limitation, and microbial community composition 

Soil C stocks in the six tree species were related to the microbial 
resource limitation, microbial community, and enzyme activity, how-
ever, relationships differed between forest floor and mineral soil (Fig. 6). 
Forest floor C stock was positively correlated with relative microbial P 
vs. N limitation (vector angle) but was negatively related to total mi-
crobial biomass and PC1 of EAs (represented mainly by activities of 
hydrolases). These results supported our hypothesis (H1) that tree spe-
cies with high litter quality would have lower microbial resource limi-
tation but higher microbial biomass in forest floor, which resulted in 
lower C stock in comparison with tree species with lower litter quality. 
Such negative relationships between forest floor SOC stock with mi-
crobial biomass and EAs are in line with recent studies from boreal and 
temperate forest (Stendahl et al., 2017; Mayer et al., 2021). The inputs of 
complex polymer compounds (i.e. lignin and phenols) are higher under 
low litter quality trees and it costs more energy for microbes to 
decompose recalcitrant compounds (Allison et al., 2010; Sinsabaugh and 
Follstad Shah, 2012), which resulted in higher forest floor C accumu-
lation under trees with low-quality litter. 

In line with our hypothesis (H2), C stock in mineral soil was nega-
tively correlated with relative microbial P vs. N limitation but was 
positively correlated with total microbial biomass and PC1 of enzyme 
activity (represented by activities of all measured enzymes). These re-
sults support the MEMS frame work (Cotrufo et al., 2013), which pro-
posed that more plant-derived sugars from high-quality litter can induce 
higher microbial activity and biomass, which in turn induce higher 
microbial residues in mineral soils that eventually can form aggregates 
and mineral-associated organic matter (Cotrufo et al., 2013; Kallenbach 
et al., 2016; Angst et al., 2021). Moreover, these findings suggest that 
more recalcitrant compounds and lower levels of microbial C and P 
limitation (Fig. 2F and G) may lead to slower microbial mineralization of 
SOM and consequently accumulation of C (e.g., as POM) in EcM soils, 
while greater microbial transformation with higher microbial biomass 
(Fig. 4) and turnover rates may form more MAOM and higher mineral 
soil C stocks in AM soils (Cotrufo et al., 2013, 2015; Phillips et al., 2013; 
Liang et al., 2017). Thus, this suggested difference in mechanisms of C 
storage in AM vs. EcM soils (POM vs. MAOM formation) can also explain 
that C stocks in AM topsoil (0–5 cm) were not different from those in 
EcM topsoil in our common garden (Vesterdal et al., 2008). Further 
studies of SOM fractions under AM-vs. EcM-associated trees would be 
warranted to unravel the specific mechanisms of C stock. 

4.4. Research limitations 

The vector analyses of the ecoenzymatic stoichiometry suggested 
that microbes were mainly P limited in forest floor and mineral soil for 
all tree species (Fig. 2), which is in accordance with the results reported 
from other temperate forests by using enzymatic approaches (i.e., 
enzymatic ratios and vector analyses) (Forstner et al., 2019; Rosinger 
et al., 2019; Bai et al., 2021). The vector analysis did not indicate mi-
crobial N limitation, which may be partially attributed to that Danish 

forests receive relatively high N deposition (Waldner et al., 2014). The 
suggested lack of microbial N limitation may also be due to the fact that 
ES-based approaches fall short of capturing microbial resource limita-
tion (Rosinger et al., 2019; Mori, 2020; Mori et al., 2021; Zheng et al., 
2022). It is worth noting that ES-based approaches to determine whether 
microbes are C or nutrient limited are mainly based on the balanced C:N: 
P ratio of 1:1:1 (Sinsabaugh et al., 2009; Sinsabaugh and Follstad Shah, 
2012). This metric is very sensitive to which enzymes are included in the 
enzymatic ratio (Moorhead et al., 2016). Use of isotopically labelled 
substrates (Rousk and Bååth, 2011) to test limiting factors for microbial 
growth in soils of different tree species may help in predicting the effects 
of plant shifts on soil C dynamics and ecological function. 

Apart from the investigated litter quality, soil microbial community 
and EA, plant roots and soil fauna community also play important roles 
in mediating soil C stock and distributions among tree species. A recent 
study showed that root-derived inputs are great contributors to soil C in 
temperate forests, and reported that root-derived C in 0–15 cm was 54% 
higher in AM than EcM dominated forests (Keller et al., 2021). In 
contrast, we found higher TC in ECM tree species in the top 5 cm of soils, 
but earlier research in the common garden also indicated higher TC 
under AM tree species in 15–30 cm soil depth (Vesterdal et al., 2008). 
Soil fauna may also have a strong association with microbial activity and 
biomass (Filser et al., 2016). Previous studies in our common garden 
showed that the biomass of earthworms as well as other macrofauna 
groups were higher in AM-associated trees than in EcM-associated trees 
(Schelfhout et al., 2017; Peng et al., 2021). This coincidence between 
high soil fauna and bacterial abundance in AM-associated trees support 
that soil fauna may mediate the tree species effect on microbial activity 
and community composition as well as EAs, and in turn affect soil C 
processes and sequestration. Thus building an integrated framework 
involving biotic and abiotic factors in forest floor and mineral soil is 
needed to discern the potential mechanisms underlying SOM stabiliza-
tion and forest soil C sequestration. 

5. Conclusion 

Our results show that tree species had significant effects on EAs and 
microbial community compositions in both forest floor and mineral soil. 
Moreover, the C stock in forest floor was positively related to the mi-
crobial P limitation and negatively related to total microbial biomass 
and EAs. This indicated that higher microbial biomass and EA in forest 
floor under tree species with high-quality litter are conducive to higher 
decomposition rates and less accumulation of C stocks. However, the C 
stock was negatively related to the microbial P limitation and was 
positively related to total microbial biomass in the mineral soil, which 
support that tree species with high-quality litter such as AM-associated 
trees could lead to both greater microbial mineralization of SOM with 
higher microbial resource demand and greater stabilization of SOM by 
MAOM formation. The results suggest that tree species-mediated EA, 
microbial resource limitation and microbial community composition are 
important drivers of stocks and vertical distribution of soil C among tree 
species and between the two types of associated mycorrhiza. 
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