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Litter chemical quality strongly affects forest floor microbial groups
and ecoenzymatic stoichiometry in the subalpine forest
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Abstract
& Key message Litter chemical quality regulates the distinct composition of the main microbial groups and ecoenzymatic
stoichiometry. Microbes in spruce (Picea asperata Mast.) and fir (Abies faxoniana Rehd.) rather than birch (Betula
platyphylla Suk.) and rhododendron (Rhododendron lapponicum (L.) Wahl.) can more easily adjust their physiological
metabolism to acclimate to low N resources.
& Context Litter decomposition is the main pathway of nutrient cycling that bridges aboveground and underground material
circulation and energy flow. Microorganisms are essential for the regulation of organic carbon decomposition and nutrient cycling.
& Aims We sought to reveal whether litter chemical quality predominates forest floor microbial structure and function in different
species and how their characteristics vary with litter decomposition stages.
& Methods We measured litter substrate quality, microbial community structure, microbial biomass carbon (MBC) and nitrogen
(MBN), extracellular enzyme activities and stoichiometric homeostasis of fresh litter (L), and fermentative (F) and humus (H) layers
for these tree species.
& Results Overall, the enzyme activities andmicrobial biomass of birch and rhododendronwere greater than those of spruce and fir. The
microbial abundances of birch and rhododendron decreased with decomposition. Forest floor microbial nutrient limitation is generally
restricted by N in subalpine forests, and ecoenzymatic stoichiometry is affected mainly by dissolved C/N/P stoichiometry. Stronger
microbial C:N homeostasis (H′) was observed for spruce (5.56) and fir (4.17) than that for birch (1.82) and rhododendron (1.33).
& Conclusion We conclude that litter chemical quality led to the disparity in forest floor microbial groups and ecoenzymatic
stoichiometry for different tree species.
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1 Introduction

Litter decomposition is the main pathway of nutrient return to
soil and is a fundamental process in the forest ecosystem

linking the aboveground and underground components of ma-
terial circulation and energy flow (Berg and Mcclaugherty
2013; Maisto et al. 2011). Microorganisms are essential for
the regulation of organic carbon decomposition, nitrogen
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mineralization, nutrient cycling, and transformation (Chapin
et al. 2011; Attiwill and Adams 1993). The main microbial
groups, bacteria, fungi, gram-negative bacteria (G−), gram-
positive bacteria (G+), actinomycetes, protozoa, and some
microalgae, are major decomposers in forest ecosystems by
degrading complex organic compounds into simple small mol-
ecules (Ayres et al. 2006) and producing extracellular enzymes
associated with carbon (C), nitrogen (N), and phosphorous (P)
cycles (Waring 2013). Overall, microorganism biomass, activ-
ity, and community structure characteristics are closely related
to the biochemical composition of litter (Cornwell et al. 2008;
Genung et al. 2013; Chavez-Vergara et al. 2014).

The biochemical composition of litter is determined by the
physiological characteristics of the plant species from which
the material is derived. Litter of different tree species showed
different characteristics during the decomposition processes
(Ushio et al. 2008, 2010; Adamczyk et al. 2014). Litter sub-
strate quality characteristics, such as C, N, ethanol-soluble
compounds, dissolved organic matter, rates of Cmineralization
and net N mineralization, and denitrification potential, tend to
differ between coniferous and hardwood species (Adamczyk
et al. 2014). Such differences may be influenced by plant spe-
cies and variations in the amount of plant biomass (Smolander
et al. 2012). Furthermore, tree species can influence physico-
chemical properties (Dan and Valentine 1991), microbial com-
munity composition (Ushio et al. 2008; Wang et al. 2015), and
microbial biomass and enzyme activities (Grayston and
Prescott 2005; Ushio et al. 2010; Zheng et al. 2017), and these
effects have been attributed to species differences in litter qual-
ity, root exudates, and nutrient uptake (Hobbie 1992).
Moreover, variation in tree species composition has been
shown to affect structural and functional microbial community
composition at both the within-stand (Saetre and Bååth 2000)
and among-stand (e.g., Grayston and Prescott 2005) scales.
The overall decomposition process can be viewed as the dy-
namics of fresh litter (L) being transformed into metastable
humic substances through microbial and physical decay
(Berg and Mcclaugherty 2013). In general, subalpine forest
ecosystems have thick forest floors due to relatively slow de-
composition (Fioretto et al. 2005). Litter decomposition has
been divided into three stages based on analysis of the decom-
position of Scots pine: early stage, late stage, and near-humus
(H) stage (Berg and Mcclaugherty 2013). L, fermentative (F),
and H layers have been simulated as three stages of litter de-
composition to describe the litter decomposition process from
L to the H stage, and litter substrate quality, main microbial
groups, and ecoenzymatic stoichiometry change with the stage
of decomposition during these processes (Ma et al. 2014).

Extracellular enzymes, biological catalysts produced by
microorganisms, are thought to act as bottlenecks in ecologi-
cally important processes such as C, N, and P acquisition.
Several ecoenzymes (β-glucosidase (BG), acid phosphatase
(AP) , leuc ine aminopept idase (LAP), and β -N-

acetylglucosaminidase (NAG)) have been identified as useful
indicators of nutrient deficiency and microbial C, N, and P
demand since they are major drivers of C and nutrient turn-
over in different ecosystems (Cui et al. 2018). Ecoenzymatic
activity and microbial metabolism are integrated on the basis
of resource demand relative to environmental availability
(Sinsabaugh and Follstad Shah 2012). Ecoenzymatic stoichi-
ometry connects the elemental stoichiometry of microbial bio-
mass and detrital organic matter to microbial nutrient assimi-
lation and growth. Therefore, ecoenzymes have been identi-
fied as useful indicators of nutrient deficiency and microbial
nutrient demand. Microorganisms acclimate to stress by
reassigning key resources to nutrient acquisition mechanisms
rather than to growth (Cui et al. 2018). While it has also been
reported that the ratio of C:N:P in microbial biomass is rela-
tively conserved across ecosystems compared with the ratio in
the litter, the microbial biomass ratio could indicate how allo-
cation shifts alter nutrient demand (Cleveland and Liptzin
2007).

Stoichiometric homeostasis is the ability of organisms to
maintain relatively stable chemical compositions regardless of
environmental changes. Species with strong homeostasis play
an important role in maintaining the microbial community
structure, function, and stability of an ecosystem (Fanin
et al. 2013; Li et al. 2016a, b). Microorganisms are the driving
factors of the C, N, and P cycle at the ecosystem scale. The
relationship between microbial biomass and nutrient stoichio-
metric characteristics determines the element cycling during
litter decomposition (Spohn 2016). In turn, substrate quality
and stoichiometry, especially available C, N, and P, affect
microbial community structure and function (McDaniel et al.
2013). Our previous research found that litter quality drives
the differentiation of microbial communities and ligninolytic
and cellulolytic enzyme activities in the litter horizon across
an alpine treeline ecotone (Zheng et al. 2018). In a subalpine
fir forest, both microclimate and litter quality affect lignocel-
lulose degradation and lignocellulolytic enzyme activities
(Chen et al. 2018), and canopy gaps facilitate soil organic
carbon (SOC) retention by soil microbial biomass in the or-
ganic horizon (Liu et al. 2018). However, litter decomposition
in subalpine forest is a slow process and lacks long-term mon-
itoring. Moreover, there is little evidence of major differences
in the forest floor microbial structure and function at the tree
species level, which has greatly restricted our understanding
of the litter decomposition mechanism of subalpine forest
ecosystems. Therefore, by means of space instead of time,
we divide decomposition layers to simulate the different de-
composition stages and study the forest floor microbial groups
and ecoenzymatic stoichiometry between conifer and hard-
wood species.

In this study, we hypothesized that forest floor microbial
community groups and ecoenzymatic stoichiometry vary in
different tree species and regulated by litter chemical
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quality (C, N, P, dissolved organic carbon (DOC), dissolved
nitrogen (DN), dissolved phosphorous (DP), and their stoi-
chiometry). The main objective of this study was to exam-
ine the forest floor microbial community structure (using
phospholipid fatty acid analysis—PLFA); microbial bio-
mass carbon (MBC) and nitrogen (MBN) levels; extracel-
lular enzyme activity and substrate quality in three layers
(L, F, and H) under two coniferous species, spruce (Picea
asperata Mast.) and fir (Abies faxoniana Rehd.); and two
hardwood species, birch (Betula platyphylla Suk.) and rho-
dodendron (Rhododendron lapponicum (L.) Wahl.), from
subalpine forests on the eastern Tibetan Plateau.
Specifically, we determine the following: (1) whether litter
chemical quality of different tree species impacts forest
floor main microbial groups and extracellular enzyme ac-
tivity and (2) how characteristics of microbial structure and
function vary with litter decomposition stages.

2 Materials and methods

2.1 Study site and sample collection

This study was conducted in the Miyaluo Nature Reserve
(E102° 53′–102° 57′, N31° 14′–31° 19′, 2458–4619 m above
sea level (a.s.l.)), Li County, Sichuan, Southwest China. The
subalpine forest is located in the upper reaches of the Yangtze
River and on the eastern Tibetan Plateau. This region contains
broad-leaved forest, coniferous and broad-leaved mixed forest,
dark coniferous forest, dwarf forest, and alpine shrub meadow
from the valley to the hilltop. The alpine timberline occurs at
approximately 4000 m, and the alpine desert occurs above 4500
m. The climate is cool in summer and cold in winter; the annual
average temperature is 6–12 °C, the average temperature in
January is − 8 °C, the average temperature in July is 12.6 °C,
and the annual accumulated temperature is 1200–1400 °C. The
annual precipitation varies from 600 to 1100mm, and the annual
evaporation is 1000–1900 mm from 2458 to 4619 m a.s.l. (Liu
et al. 2016). Winter snow lasts from October to April of the
following year, up to 6–7 months. The dominant tree species
in the study area are Abies faxoniana Rehd., Betula platyphylla
Suk., Betula albosinensis Burk., Picea asperata Mast., and
Sabina saltuaria (Rehd. et Wils.). The dominant shrub species
are Rhododendron lapponicum (L.) Wahl., Sorbus rufopilosa
Schneid., Lonicera lanceolata Wall., and Salix paraplesia
Schneid.et al. The dominant families of grasses are
Gramineae, Compositae, and Gentianaceae (Liu et al. 2016).

Dominant subalpine forest species of spruce, Minjiang fir,
white birch, and rhododendron in this region were selected
(Table 4). The area of each forest stand was more than 1 ha,
and the above dominant species constituted more than 90% of
all tree species. The forest soil is an acid-udic cambisol
(USDA soil taxonomic system), and the organic layer is a

typical mor-type H. Samples were collected prior to the winter
snow season inmid-October 2015. Three study stands (30m ×
30 m) per species were established, with a distance of at least
1000 m between stands. In each stand, five sample plots (1 m
× 1 m) were randomly collected systematically from the forest
floors from top to bottom at the same point, and at least 5 m
between each plots. The forest layers were divided into L, F,
and H per plot and layer. L consisted of fresh or slightly
decomposed litter from trees and understory; F of partly
decomposed litter, the origin of which was mainly identifi-
able; and H of decomposed organic matter, the origin of which
could not be identified (Kanerva and Smolander 2007). After
green plant material and large particles, such as cones and
large roots, were removed, the L and F samples were cut into
approximately 0.25-cm2 pieces; samples from H were sieved
using a 2-mm sieve. Total number of samples were 180 (3
study stands × 4 forest species × 5 plots × 3 forest layers).
Samples from each plot were divided into three subsamples:
one was frozen at 4 °C until enzyme analysis within 1 week; a
second was frozen at − 80 °C for PLFA analysis; and a third
was dried at 65 °C to constant weight for chemical analyses.

2.2 Microbial biomass carbon and nitrogen

Microbial C and microbial N were estimated by chloroform
fumigation–extraction (Ran and Liu 2009). The microbial bio-
mass in the litter was determined according to differences be-
tween fumigated and unfumigated samples following extraction
with 0.5 mol L−1 K2SO4. After shaking for 20 min, the extract
was filtered, and MBC and MBN were determined by K2Cr2O7

oxidation-FeSO4 titration and the semi-micro Kjeldahl N meth-
od. The conversion factors for MBC and MBN were kMBC =
0.38 (Vance et al. 1987) and kMBN = 0.45 (Tan et al. 2014).

2.3 Phospholipid fatty acid analysis

We investigated PLFA composition both to evaluate changes in
microbial biomass with the forest floor layer and tree species and
as an index of the viability in the microbial community structure
(Federle et al. 2011). PLFAs were extracted, fractionated, and
methylated as described by Bossio and Scow (1998)).
Individual fatty acid methyl esters (FAMEs) were identified by
gas chromatography/mass spectrometry (GC/MS, Model QP-
2010, Shimadzu, Japan). The fatty acid nomenclature used in
this studywas described by Frostegård et al. (1993a, b). The fatty
acid 19:0 was added as an internal standard before methylation,
and PLFAs were identified using the MIDI Sherlock Microbial
Identification System (Version 132 4.5; MIDI, Newark, DE, 133
USA). Concentrations of individual fatty acids were determined
as nanomoles per gram of dry matter (nmol g−1 DM). These tests
used the PLFA tag (see Table 5). The ratios of fungi to bacteria
(F:B) and of gram-positive bacteria to gram-negative bacteria
(G+:G−) were calculated in this study.
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2.4 Enzyme extraction and assays

Enzyme activity was determined after the extraction, determi-
nation, and preparation of crude enzyme solutions according
to Allison et al. (Allison 2008). A total of 2 g of fresh sample
was stirred for 2 min with 60 mL of acetic acid buffer solution
(pH = 5) to obtain a crude enzyme solution. Assays were
performed in ELISA plates in a 200-μL volume, with 50 μL
of crude enzyme solution and 150 μL of buffer or 150 μL of
substrate; for each sample, a control (crude enzyme+ buffer)
and a test (crude enzyme+ substrate) were included. For PER,
10 μL of 0.3% H2O2 was added to the substrate control and
sample groups. Samples were incubated as follows: AP for 45
min; peroxidase (POD) for 1–2 h; NAG for 3 h;
cellobiohydrolase (CBH) for 4 h; BG for 1 h; and LAP for
4–6 h. After incubation, 5 μL of 1.0MNaOHwas added to all
wells to terminate the reaction and develop color. Absorbance
was measured at 405 nm for AP, NAG, CBH, LAP, and BG
and at 450 nm for PPO and POD. The enzyme commission
(EC) number, specific substrates, and substrate concentrations
are provided in Table 6. Activity is expressed as micromole of
substrate hydrolysed per hour per gram of dry organic matter
(μmol h−1 gDOM−1).

2.5 Chemical analysis

The forest floor pH was measured using a milled litter-to-
solution (water) ratio of 1:2.5 (w/v). The carbon (C) content
of litter was determined by the dichromate oxidation-ferrous
sulfate titration method according to Zhang et al. (1999). The
nitrogen (N) content was determined using the semi-micro-
Kjeldahl method, and the phosphorus (P) content was deter-
mined by Mo-Sb colorimetry (Ashagrie et al. 2005). The dis-
solved organic carbon (DOC) content was determined accord-
ing to the method of Uselman et al. (2012), the dissolved
nitrogen (DN) content by the Kjeldahl method, and the dis-
solved phosphorus (DP) content by Mo-Sb colorimetry
(Uselman et al. 2012).

2.6 Stoichiometric homeostasis and threshold
elemental ratio

(1) EEAC:N = LnBG/Ln (LAP + NAG)
(2) EEAC:P = LnBG/LnAP
(3) EEAN:P = Ln (LAP + NAG)/LnAP
(4) C:NR = DOC/DN
(5) C:NB = MBC/MBN
(6) H′ = 1/m

Equation (1) was used to calculate the ecoenzymatic car-
bon to nitrogen ratio, equation (2) was used to calculate the
ecoenzymatic carbon to phosphorus ratio, and equation (3)
was used to calculate the ecoenzymatic nitrogen to

phosphorus ratio. The degree of microbial community-level
C:N homeostasis (H′) was determined using Eq. (6) (Sterner
and Elser 2002; Sinsabaugh et al. 2015). Stoichiometric ho-
meostasis between the different decomposition stages for the
tree species examined was assessed by regression analysis of
the microbial biomass ratio and the soluble carbon and nitro-
gen ratio, where m is the slope of lnC:NR (resources) (4) ver-
sus lnC:NB (microbial biomass) (5),H′ > > 1 represents strong
stoichiometric homeostasis, and H′ ≈ 1 represents weak or no
homeostasis (Sterner and Elser 2002). There were no signifi-
cant correlations between lnC:NR and lnC:NB (p > 0.05),
which indicated strong community-level elemental
homeostasis.

2.7 Statistical analysis

A mixed linear model ANOVA (SAS proc mixed) was applied
to test the effects of forest layers and tree species on the sub-
strate quality, enzyme activity, microbial biomass, and microbi-
al communitieswith tree species as fixed main effects and forest
layers as a random effect; post hoc multiple comparisons were
employed to determine the variability in each indictor when
testing statistically significant (p < 0.05). Pearson’s correlation
analysis was used to evaluate relationships among enzyme ac-
tivity, substrate quality, and stoichiometry. The microbial com-
munity structure was analysed by redundancy analysis (RDA)
(length of gradient < 3 for microbial community variables) in R
version 3.3.2 (using the vegan package; R Development Core
Team, 2011), and the significance of the results was tested by a
Monte Carlo permutation test (p < 0.001).

3 Results

3.1 Microbial community PLFA concentrations

The microbial community composition, including fungi, G+,
G−, G−/G+, and total PLFA content, was significantly affected
by both the tree species and forest layer (Fig. 1).

The microbial community composition differed signifi-
cantly among tree species. A greater abundance of fungi bio-
mass was observed in L under birch and rhododendron,
whereas a higher G+ was found under spruce and fir.
Compared with the other three species, G− and G−/G+ were
significantly higher and G+ significantly lower in L for birch.
In F, G−, G−/G+, and total PLFA contents for fir were higher
than for the other species. The microbial community PLFA
concentrations also differed among the forest floor layers. The
number of fungi and G−, G−/G+, and total PLFA levels for
birch and rhododendron decreased with decomposition. In
addition, compared with the other layers, the contents of G+

and total PLFA for spruce were significantly greater in the H
layer. In the forest floor under fir, bacteria, G−, G−/G+, and
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total PLFA all significantly increased and then decreased. In
general, G+ decreased first and then increased for all tree spe-
cies (Fig. 1).

3.2 Microbial biomass C and N

The forest layer and tree species significantly affected micro-
bial C, microbial N, and their ratio (microbial C/microbial N)
(Fig. 2). Overall, microbial C and microbial N levels for birch
and rhododendron were higher than that of spruce and fir in F
layer (Fig. 2). Microbial C continued to decrease with

decomposition process, whereas microbial N first increased
and then decreased. Overall, microbial C/microbial N de-
creased and was highest in the L layer.

3.3 Enzyme activity and ecoenzymatic stoichiometry

Enzyme activities and their stoichiometric ratios differed
among tree species. The results of the mixed linear model
showed that tree species and forest floors had significant ef-
fects on enzyme activities and ecoenzymatic stoichiometry
(Fig. 3). Overall, AP, CBH, LAP, and NAG for birch and
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Fig. 1 A mixed linear model for the effects of the forest layers and tree
species on the microbial communities in litter. Post hoc multiple
comparisons for the variability of microbial community determined as
phospholipid acid (PLFA) concentrations in litter (L), fermentative (F),
and humus (H) layers of the subalpine forests in China. Fresh litter (L),

fermentative (F), and humus (H) layers. Different upper-case letters indi-
cate significant differences among different forests within the same layer
(p < 0.05). Different lower-case letters indicate significant differences
between litter layers within the same forest type (p < 0.05). The same
scheme is used in other figures
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rhododendron were higher than those for spruce and fir in L
and F and were particularly higher for birch. POD activity was
higher for rhododendron than for the other species. EEAC:N

was 0.86–1.30, EEAC:P was 0.63–1.07, and EEAN:P was
0.68–0.82. The ecoenzymatic stoichiometry of the forest floor
was highest under spruce.

Enzyme activities also differed according to the decompo-
sition stage. With ongoing decomposition, AP, BG, CBH,
LAP, and NAG decreased for birch, fir, and spruce, whereas
they initially increased and then decreased for rhododendron.
POD activity increased under fir, spruce, and rhododendron
but decreased under birch (Fig. 3). Overall, the EEAC:P and
EEAN:P of all tree species decreased with the decomposition
process (Fig. 4).

3.4 Substrate quality and C/N/P stoichiometry

Tree species and forest layer had significant effects on pH, C,
N, P, DOC, DN, and DP as well as dissolved C/N/P stoichio-
metric (Table 1).

Compared with tree species, the pH values in the forest
floors under spruce and fir were significantly higher than those
under birch and rhododendron (Table 1). Additionally, the C,
N, DOC, DN, and DP contents were highest for birch, espe-
cially in the L layer, and these contents were generally higher
for birch and rhododendron than for spruce and fir. C/N was
consistently higher under rhododendron than under birch, fir,
and spruce. DN/DP was lowest in the forest floor under spruce
(Fig. 5).

C, N, P, DOC, DN, and DP contents differed in three forest
floor layers. N and DN contents for spruce and fir continued to
decrease with ongoing decomposition, whereas those for birch
and rhododendron first increased and then decreased. L
contained more C, DOC, and DP than did the other layers.
Overall, C/N and C/P showed a decreasing trend; DN/DP
exhibited an increasing trend as decomposition continued.

3.5 Pearson correlation of forest floor microbial
biomass, ecoenzymatic stoichiometry and litter
chemical quality

Pearson correlation was used to assess the correlation be-
tween microbial biomass, enzyme activity, and stoichiom-
etry with substrate quality and C/N/P stoichiometry. Based
on the Pearson correlation, the microbial C, microbial N,
and enzyme activities, except for that of POD, were posi-
tively correlated with C, N, DOC, DN, and DP. Conversely,
POD was negatively correlated with C, DOC, DP, and BG
(Table 2).

MBC/MBN was positively correlated with C/N and DOC/
DN but negatively correlated with N/P and DN/DP. Moreover,
EEAC:P was positively correlated with C/P and DOC/DN but
negatively correlated with DOC/DP and DN/DP, and EEAC:N

was positively correlated with DOC/DN but negatively correlat-
ed with DN/DP; EEAN:P was negatively correlated with DOC/
DP and DN/DP (Table 3).

3.6 Redundancy analysis (RDA) of microbial
community structure, enzyme activity, and substrate
quality

RDAwas used to assess the correlation between microbial com-
munity structure and enzyme activity and substrate quality.
Based on RDA, the first two axes captured 41.4% of the vari-
ability in the microbial community structure, whereas RDA1 (the
x-axis) and RDA2 (the y-axis) accounted for 28.1% and 13.3% of
the variation, respectively. Among them, the major microbial
variables were fungi, G−, G+, G−/G+, microbial biomass, sub-
strate quality (except P), and enzyme activities (except POD),
which contributed most to the separation of the samples. The
amount of fungi and bacteria, F:B, and total PLFAs correlated
positivelywithDOC,DP,BG,C,microbial C,microbial N, LAP,
CBH, and DN but negatively with POD. G− and G−/G+
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correlated positively with enzyme activities (except POD), mi-
crobial biomass, and substrate quality, and negatively with POD.
G+ correlated negatively with microbial C, LAP, CBH, DN,
NAG, AP, and N.

3.7 Stoichiometric homeostasis

To evaluate the strength of stoichiometric H′, we analysed
associations between microbial biomass elemental ratios and

C/N/P ratios in litter resources. All H′ values were greater
than 1 (Fig. 7). LnC:NB for birch was linearly related to
LnC:NR. Furthermore, the H′ values for spruce and fir were
5.56 and 4.17 and far greater than 1, whereas those of rhodo-
dendron and birch were 1.82 and 1.33 and close to 1 (Fig. 7).
Overall, the linear regression relationship between LnC:NB

and LnC:NR for fir, spruce and rhododendron was not signif-
icant (p > 0.05), although a significant linear correlation was
observed for birch (p < 0.01).
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4 Discussion

4.1 Differences among tree species

Awareness of the litter decomposition process of subalpine
forest ecosystems requires an understanding of microbial com-
munity activity and ecoenzymatic stoichiometry at the tree spe-
cies level. The results of our study suggest that litter chemical
quality regulates the distinct composition of the main microbial
groups and ecoenzymatic stoichiometry. Microorganisms rep-
resent essential components of the biotic system in natural for-
ests because they are key players in nutrient turnover (Hackl
et al. 2004). Some research has also found that the activity of
the soil microbial community can be strongly affected by the
biochemical composition of litter (Chavez-Vergara et al. 2014),
which is consistent with the findings of Grayston (Grayston
and Prescott 2005) and Adamczyk et al. (2014). In the present
study, there was a greater biomass of fungi under birch and
rhododendron at the early decomposition stages but with fewer
fungi in late decomposition stages compared with spruce and
fir. According to Li et al. (2017), fungi can be divided into
functional groups that decompose different types of organic
matter: fast-growing r-strategists specialized in the utilization
of easily available resources and slow-growing k-strategists
able to decompose more recalcitrant compounds. Fast-
growing opportunistic fungi are stimulated by easily accessible
C sources and high N availability (Chigineva et al. 2009),
which may also be the reason why more fungi were found
under birch and rhododendron than under spruce and fir in
early decomposition stages but fewer were found at later stages.

However, there were no significant differences in the forest
floor fungi: bacteria (F:B) biomass between tree species, which
indicates that the microbial community structure was relatively
stable. F:B can often be used as an important indicator of over-
all structural changes in microbial communities (Frostegård
et al. 1993a, b).

In general, forest floor enzyme activities and microbial bio-
mass of birch and rhododendron were greater than those of
spruce and fir (Figs. 2 and 3). This is in accordance with many
studies (Priha and Smolander 1997; Priha et al. 2001;
Smolander and Kitunen 2002; Kanerva and Smolander
2007). To a certain extent, microbial biomass not only repre-
sents the number and activity of microorganisms in the litter
decomposition process but also acts as an important compo-
nent of active organic carbon and nutrient pools (Lavelle
2000). The final decomposition of litter is completed under
the combination of microorganisms and soil enzyme systems
(Cleveland and Liptzin 2007). Climatic and edaphic variables
directly and indirectly correlate with forest type and greatly
impact enzyme activities (Zheng et al. 2017). Overall, the
contents of lignin/N, terpenoids, and phenolic substances in
conifer forests are relatively higher than those in hardwood
forests, a situation that is not conducive to the growth of mi-
crobial communities and leads to relatively slow decomposi-
tion (Dai et al. 2001). The initial C/N ratio is an important
indicator of litter decomposition that plays an important role
in predicting the litter decomposition rate (Taylor et al. 2002).
The rhododendron C/N was generally higher than that of
birch, spruce, and fir (Fig. 5), constricting the decomposition
rate and leading to the accumulation of recalcitrant materials.

Table 1 A mixed linear model for the effects of the forest layers and
tree species on the pH values and C/N/P contents. Post hoc multiple
comparisons for the variability of pH values and C/N/P contents (C

carbon, N nitrogen, P phosphorous, DOC dissolved organic carbon, DN
dissolved nitrogen, DP dissolved phosphorous) in litter (L), fermentative
(F) and humus (H) layers of the subalpine forests in China. (mean ± SD)

Tree species Layer pH DOC mg/g DN mg/kg DP mg/kg C mg/g N mg/g P mg/g

Spruce Picea asperata L 6.6 ± 0.4bA 38.2 ± 10.9aB 61.4 ± 10.4aD 236.4 ± 36.7aB 417.2 ± 24.3aC 10.4 ± 1.2aB 2.5 ± 0.8aB

F 7.1 ± 0.3abA 15.5 ± 8.6bA 49.4 ± 7.5abD 82.8 ± 23.5bBC 219.0 ± 34.7bC 8.5 ± 1.4bC 2.2 ± 0.7aC

H 7.3 ± 0.4aA 9.7 ± 5.2bA 22.8 ± 11.8bB 42.2 ± 18.2cA 137.1 ± 94.1bB 7.0 ± 0.6bB 2.0 ± 0.4aB

Fir Abies faxoniana L 6.1 ± 0.2aB 39.7 ± 9.9aB 105.4 ± 13.6aB 203.8 ± 19.8aB 400.4 ± 41.4aC 12.0 ± 1.5abB 4.9 ± 0.2aA

F 6.1 ± 0.4aB 25.0 ± 14.9bA 74.8 ± 20.1bC 68.4 ± 16.2bC 288.5 ± 75.1bC 13.9 ± 1.0aAB 1.7 ± 0.3bC

H 6.1 ± 0.6aB 13.8 ± 3.3bA 44.0 ± 8.9cA 31.8 ± 5.9cA 221.7 ± 28.2bA 11.0 ± 2.3bA 5.0 ± 0.6aA

Birch Betula platyphylla L 4.7 ± 0.2bC 57.7 ± 6.1aA 174.2 ± 10.5bA 454.8 ± 38.9aA 573.7 ± 34.6aA 13.9 ± 1.5abA 2.5 ± 0.4aB

F 5.4 ± 0.3aC 22.8 ± 6.4bA 202.2 ± 20.4aA 243.8 ± 41.2bA 485.4 ± 86.7aA 16.4 ± 2.6aA 3.3 ± 0.9aB

H 5.0 ± 0.4abC 12.1 ± 1.3cA 54.8 ± 21.7cA 33.0 ± 19.2cA 288.2 ± 85.2bA 12.6 ± 3.2bA 2.5 ± 0.5aB

Rhododendron
Rhododendron
lapponicum

L 5.1 ± 0.4aC 52.2 ± 11.8aA 84.4 ± 11.1bC 200.0 ± 35.3aB 495.6 ± 60.8aB 8.5 ± 1.3bC 5.6 ± 0.9aA

F 5.2 ± 0.5aC 15.7 ± 2.8bA 101.6 ± 12.9aB 125.8 ± 64.1bB 367.5 ± 58.0bB 12.8 ± 2.2aB 6.2 ± 0.8aA

H 4.9 ± 0.6aC 10.5 ± 1.6bA 54.8 ± 12.4cA 35.8 ± 7.3cA 213.5 ± 72.9cA 9.4 ± 2.4bAB 2.3 ± 0.7bB

Species effect F (P) df = 3 74.70** 4.44** 37.38** 17.04** 20.78** 20.78** 11.00**

Layer effect F (P) df = 2 3.31* 57.11** 37.44** 56.82** 76.43** 5.80** 2.84*

Different upper-case letters indicate significant differences among different forest within the same layer (p < 0.05). Different lower-case letters indicate
significant differences between litter layers within the same forest type (p < 0.05). *p < 0.05, **p < 0.01
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Table 2 Pearson correlation analysis of litter chemical quality and microbiological characteristics for litter (L), fermentative (F), and humus (H) layers
in the subalpine forests

C N P DOC DN DP MBC MBN AP BG CBH LAP NAG

N 0.481**

P 0.237 0.098

DOC 0.766** 0.200 0.128

DN 0.748** 0.676** 0.152 0.493**

DP 0.821** 0.388** 0.049 0.762** 0.757**

MBC 0.634** 0.379** 0.187 0.631** 0.666** 0.809**

MBN 0.455** 0.614** − 0.085 0.155 0.839** 0.540** 0.509**

AP 0.613** 0.505** 0.121 0.422** 0.776** 0.667** 0.733** 0.627**

BG 0.641** 0.266* − 0.075 0.605** 0.571** 0.793** 0.743** 0.558** 0.597**

CBH 0.659** 0.462** 0.062 0.540** 0.765** 0.826** 0.806** 0.668** 0.841** 0.764**

LAP 0.621** 0.420** − 0.072 0.461** 0.633** 0.777** 0.762** 0.562** 0.779** 0.811** 0.861**

NAG 0.664** 0.498** 0.160 0.514** 0.730** 0.769** 0.824** 0.578** 0.838** 0.673** 0.849** 0.844**

POD − .0295* − 0.010 0.025 − 0.374** − 0.124 − 0.309* − 0.160 − 0.007 − 0.130 − 0.326* − 0.184 − 0.216 − 0.138

MBC microbial biomass carbon, MBN microbial biomass nitrogen, BG β-glucosidase, AP acid phosphatase, CBH cellobiohydrolase, LAP leucine
aminopeptidase, NAG β-N-acetylglucosaminidase, POD peroxidase. **Significant correlation at the 0.01 level (bilateral), *Significant correlation at the
0.05 level (bilateral)

Spuce Fir Rhododendron Birch

0

10

20

30

40

50

60

N/
C

 L

 F

 H

aB

bA

bA

aB

bB
bA

aA

bA

bA

aB

bA

bA

Species effect  F=6.07  P=0.001

Layer effect  F=41.54  P=0.000

Spuce Fir Rhododendron Birch

0

50

100

150

200

250

300

350

P/
C

aA

bABbAB

abB

aA

bB

abB

bB

aAB

aA

bA

bA

Species effect  F=7.18  P=0.000

Layer effect  F=2.03  P=0.132

Spuce Fir Rhododendron Birch

0

2

4

6

8

10

12

P/
N

aA

bB
bB

bB

aA

bC

bB

bC

aAB

aA
aB

aA

Species effect  F=5.85  P=0.002

Layer effect  F=2.19  P=0.121

Spuce Fir Rhododendron Birch

0

100

200

300

400

500

600

700

800

900

1000

1100

N
D/

C
O

D

aA

bA

aA

aB
aA

aB

aA

bB

bC

aB

bB

aBC

Species effect  F=6.03  P=0.001

Layer effect  F=15.85  P=0.000

Spuce Fir Rhododendron Birch

0

100

200

300

400

500

600

700

800
P

D/
C

O
D

aB aB

aB bAB

abA

aAB

aA

bB

aB

bB
bB

aA

Species effect  F=3.56  P=0.025

Layer effect  F=10.04  P=0.000

Spuce Fir Rhododendron Birch

0.0

0.5

1.0

1.5

2.0

2.5

3.0

P
D/

N
D

bC

aB
aB

bA

aA
aAB

cAB

bAB

aA

bB

bAB

aA

Species effect  F=6.18  P=0.001

Layer effect  F=37.65  P=0.000

Fig. 5 A mixed linear model for the effects of the forest layers and tree
species on the stoichiometric ratio. Post hoc multiple comparisons for the
variability of the carbon (C), nitrogen (N), and phosphorous (P) stoichio-
metric ratio and dissolved organic carbon (DOC), dissolved nitrogen

(DN), and dissolved phosphorous (DP) stoichiometric ratio in litter (L),
fermentative (F), and humus (H) layers of the subalpine forests in China
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In our study, the pH of the forest floor under spruce and fir
was higher than that under birch and rhododendron (Table. 1),
which is consistent with the research of Uselman et al. (2012).
Sinsabaugh et al. (2008) suggested that pH has direct effects
on the activity of extracellular enzymes, as most enzymes
have an optimal pH, and Xiao et al. (2016) found DOC and
DN to be negatively correlated, indicating that a lower pHwill
significantly increase the content of soluble organic matter.
Such an increase in acidity will accelerate the leaching of
multivalent cations, such as Al3+, Ca2+, which is beneficial
for enhancing the solubility of organic matter, resulting in
the organic matter content of birch and rhododendron being
greater than that of spruce and fir. Therefore, birch and rho-
dodendron may provide more nutrients for microbial metabo-
lism and lead to differences in enzyme activity.

A correlation matrix and RDA suggested that the relation-
ships between litter enzyme activity, microbial biomass, and
microbial community can be best interpreted by C and N, but
not P, as well as DOC, DN, and DP (Table 2), which is con-
sistent with the findings of Li et al. 2016a, b). In our study, tree
species significantly affected the litter chemical quality in the
decomposition process (Table 1), and the C, N, DOC, DN, and
DP contents for birch and rhododendron were higher than
those for spruce and fir. Under established climate conditions,
the microbial community is first regulated by the quantity and
quality of available resources and then by physiological and
chemical factors (such as pH, EC, salinity, and heavy metals),
temperature, and humidity (Aanderud et al. 2008). Indeed, tree
species inevitably affect the content and spatial distribution of
enzyme activity and the microbial community by altering the
chemical composition of leaf litter (Kanerva and Smolander
2007). Cui et al. (2018) found that variations in soil enzyme
activities were best accounted for by vegetation characteristics
and physicochemical properties. It is generally believed that
litter enzyme activity is closely related to the contents of C, N,
P, lignin, and cellulose, as well as to C/N, C/P, and lignin/N,

among others (Criquet et al. 2004; Sinsabaugh et al. 2002).
Therefore, enzyme activities and microbial biomasses change
with litter nutrient contents. Accordingly, higher enzyme ac-
tivities and microbial biomasses are associated with greater C,
N, DOC, DN, and DP contents. Overall, hardwood litter con-
tains more nutrients that are conducive to microbial activities;
conversely, conifer litter has a low water content and more
AIR such as lignin, cellulose, and tannin that are not condu-
cive to the growth of microorganisms (Zhang et al. 2007).
Greater available C/N/P of litter favors the growth of micro-
bial populations and the accumulation of microbial biomass
(Barbhuiya et al. 2004).

4.2 Differences among forest floor layers

Litter chemical quality and C/N/P stoichiometry regulate the
distinct composition of the main microbial groups, as they
represent different stages of decomposition and thus provide
different substrates for decomposer organisms. Our results
showed that microbial community structure and enzyme ac-
tivities vary with forest floor layers. Overall, microbial C, AP,
BG, CBH, LAP, and NAG continued to decrease with decom-
position under spruce, fir, and birch, although microbial bio-
mass and enzyme activity peaked in the F stage under rhodo-
dendron. Šnajdr et al. (2008) also found that microbial bio-
mass and enzyme activities decreased with the forest soil pro-
file and that the activities of all tested enzymes exhibited high
spatial variability in the L and H horizons. Microbial groups
display preferences for different carbon sources at different
stages of litter decomposition, with bacteria readily
decomposing newly entering carbon sources and fungi prefer-
ring hard-to-decompose, recalcitrant carbon sources
(Andresen et al. 2014). G+ was significantly negatively affect-
ed by MBN (Fig. 6), which may be the reason why G+ first
decreased and then increased.

Table 3 Pearson correlation analysis of the C/N/P stoichiometry ratio, microbial biomass carbon/nitrogen and ecoenzymatic stoichiometry ratio for
litter (L), fermentative (F), and humus (H) layers in the subalpine forests

C/N C/P N/P DOC/DN DOC/DP DN/DP MBC/
MBN

EEAC:N EEAC:P

C/P 0.412**

N/P − 0.208 0.725**

DOC/DN 0.498** 0.240 − 0.044

DOC/DP − 0.18 − 0.187 0.027 0.213

DN/DP − 0.476** − 0.314* 0.026 − 0.497** 0.639**

MBC/MBN 0.558** 0.003 − 0.314* 0.377** − 0.104 − 0.386**

EEAC:N 0.101 0.176 0.088 0.411** − 0.224 − 0.458** − 0.064

EEAC:P 0.155 0.270* 0.102 0.421** − 0.410** − 0.632** 0.037 0.845**

EEAN:P 0.146 0.241 0.057 0.140 − 0.440** − 0.495** 0.182 0.004 0.534**

EEAC:N: LnBG/Ln (LAP + NAG), EEAC:P: LnBG/LnAP, EEAN:P: Ln (LAP + NAG)/LnAP
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Overall, the C, DOC, DP, and C/N contents for the four
species and the N and DN contents for the spruce and fir
decreased with decomposition, leading to a general trend of
decline in microorganism abundance because the availability
of microbial substrates was poor (Vance et al. 1987). This may
be the reason for fungal degradation via decomposition.

Rapid leaching of L produced a large number of water-
soluble substances and organic-soluble components in the ear-
ly stage of decomposition, providing energy and nutrients for
the growth and reproduction of microorganisms. Therefore,
the biomass and activity of microorganisms were highest in
the L layer. The main remaining fractions in the late stage of
decomposition were insoluble, and microbial biomass and ac-
tivity decreased significantly with litter layer during decom-
position (Aerts 1997). Overall, the C/N of the four tree species
consistently exhibited a gradual decrease with ongoing de-
composition; mainly during the early stage of decomposition,
the microbial matter involved a high degree of carbon source
and organic matter utilization, which may lead to a rapid re-
lease of carbon (Aerts 1997), thereby reducing C/N and C/P.
This might be the reason why microbial C, which mainly
expresses the amount of living microorganisms present during
litter decomposition (Larsen et al. 2002), decreased, and RDA

indicated that the variation in microbial community structure
during decomposition was mainly affected by microbial C
(Wang et al. 2015). Microbial biomass pools and their stoichi-
ometry are significantly and positively correlated with SOC
(Liu et al. 2018), and decomposition progression is positively
correlated with enzyme activities. POD degrades H and lignin
(Simoes et al. 1997), and Preston et al. (2009) found that
increased resistance to litter decomposition was due to the
accumulation of insoluble and irregular high-molecular-
weight structures (including condensed tannins, keratin, lig-
nin, or modified lignin). Therefore, POD activity under
spruce, fir, and rhododendron increased with decomposition,
especially in the H layer of rhododendron. This may be be-
cause rhododendron contributes high amounts of lignin to the
late stage of decomposition (Deng et al. 2015).

4.3 Ecoenzymatic stoichiometry and microbial
stoichiometric homeostasis

The elemental stoichiometry of microorganisms is fundamen-
tal for understanding the production dynamics and biogeo-
chemical cycles of ecosystems (Sinsabaugh et al. 2009).
Macroecological studies show that the most widely measured
ecoenzymatic activities have a similar stoichiometry for all
microbial communities (Sinsabaugh et al. 2009; Sinsabaugh
and Follstad Shah 2012). C-acquisition enzymes have scaling
relationships similar to those of N- and P-acquisition enzymes
(Tapia-Torres et al. 2015). At the global scale, EEAC:N:P

showed 1:1:1, and EEAC:N:P was similar across ecosystems
(Sinsabaugh et al. 2009). In the present study, EEAC:N was
0.86–1.30 (less than the global average), EEAC:P was 0.63–
1.07 (more than the global average), and EEAN:P was 0.68–
0.82 (also more than the global average). It was found that the
ecoenzymatic stoichiometry of alpine forest showed relative
specificity. Low EEAC:P and EEAN:P ratios indicate that the
ecosystem nutrient cycle is restricted by P, and low EEAC:N

and high EEAN:P ratios indicate that the ecosystem nutrient
cycle is restricted by N (Waring et al. 2014). This means that
the forest floor had relatively high activity of extracellular
enzymes related to N degradation and low activity of P extra-
cellular enzymes, which indicated that litter decomposition
was limited by N in this subalpine forest. The findings may
also reflect the relative lack of N in the alpine region, requiring
microbes to produce more enzymes related to N release to
meet their metabolic needs.

The results showed that ecoenzymatic stoichiometry was
affected mainly by dissolved C/N/P stoichiometry rather than
by C/N/P stoichiometry. Moreover, the specific performance
of ecoenzymatic stoichiometry correlated positively with
DOC/DN and negatively with DN/DP (Table. 3). McDaniel
et al. (2013) found that substrate quality and stoichiometry,
especially soluble C/N/P, affect microbial community struc-
ture and function. Additionally, enzyme activity and chemical

RDA1(28.1)

)
3.

3
1(

2
A

D
R

Fig. 6 Redundancy analysis (RDA) of microbial indices (blue lines) and
environmental variables (red lines) with the ordination scores of seven
biomarker classes. Seven biomarker classes were used to construct statis-
tical matrix. The angle and length of the blue (and/or red) arrows (vectors)
indicate the direction and strength of the relationship of microbial indices
with the ordination scores in litter substrate quality (carbon (C), nitrogen
(N) and phosphorous (P) stoichiometric ratio and dissolved organic car-
bon (DOC), dissolved nitrogen (DN), dissolved phosphorous (DP)) and
enzyme activities (β-glucosidase (BG), acid phosphatase (AP),
cellobiohydrolase (CBH), leucine aminopeptidase (LAP), β-N-
acetylglucosaminidase (NAG) and POD (peroxidase)). Gram-positive
bacteria (G+), gram-negative bacteria (G−), fungi: bacteria ratio (F/B),
gram-negative:gram-positive (G−/G+) (blue lines). Trilateral: spruce;
square: fir; rhombus: birch; circle: rhododendron. Yellow: fresh litter
layer; white: fermentative layer; green: humus layer
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stoichiometry are controlled by C, N, and P resources
(Sinsabaugh et al. 2009; Sinsabaugh et al. 2015). As men-
tioned above, microbial activity and function also largely de-
pend on the water content, and the absorbance of enzymes by
litter may result in variation in ecoenzymatic ratios
(Romanowicz et al. 2016). Therefore, the results of this study
suggest that the chemical quality of litter is a factor strongly
impacting ecoenzymatic stoichiometry and nutrient availabil-
ity, which mostly affects microbial nutrient ratios. For in-
stance, DOC/DN had a strong influence on MBC/MBN in
the decomposition process under birch, with up to 47% of
the variation. Moreover, forest floor microbial stoichiometric
homeostasis was far greater than 1 for spruce and fir, whereas
values for birch and rhododendron were close to 1 (Fig. 7).
These findings suggest that the chemical balance of microbes
in the decomposition process varies greatly between different
species and that the microbial communities under conifers
have stronger homeostasis. Accordingly, microbes under
spruce and fir can adjust their physiological metabolism to
require low levels of N and P resources, thereby acclimating
to oligotrophic habitats (Cui et al. 2018).

5 Conclusions

In summary, litter chemical quality led to the disparity in forest
floor microbial groups and ecoenzymatic stoichiometry

between different trees pecies. The microbial community
PLFA biomass, microbial C, microbial N, and ecoenzyme
activities changed with litter decomposition stages.
Compared with ecoenzymatic stoichiometry at the global
scale, microbial nutrient limitation is restricted by N in subal-
pine forests, and ecoenzymatic stoichiometry is mainly affect-
ed by dissolved C/N/P stoichiometry rather than by C/N/P
stoichiometry. Furthermore, we speculate that microbes under
spruce and fir can more easily adjust and acclimate to their
environment in terms of global change, because microbial
communities under spruce and fir have stronger H′ than do
those under birch and rhododendron. These observations will
provide a theoretical basis for understanding the regional nu-
trient cycling process linking plants and microbes in subalpine
forest ecosystems.
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Annexes

Table 6 Extracellular enzymes
assayed in litter, with
abbreviations used in this study,
enzyme commission numbers
(EC), and corresponding
substrates

Enzyme Abbreviation EC Substrate

Acid phosphatase AP EC 3.1.3.1 pNP-phosphate

Cellobiohydrolase CBH EC3.2.1.91 pNP-cellobioside

β-Glucosidase BG EC 3.2.1.21 pNP-β-glucopyranoside

β-N-Acetylglucosaminidase NAG EC 3.2.1.14 pNP-β-N-acetylglucosaminide

Leucine aminopeptidase LAP EC 3.4.11.1 Leucine p-nitroanilide

Peroxidase POD EC 1.11.1.7 L-DOPA

Table 4 General characteristics for litter (L), fermentative (F), and humus (H) layers in the subalpine forests

Tree species Elevation Exposure Slope Average height of
forest type

Average DBH of
forest type

Average thickness of litter layers (cm)

(m) (°) (m) (cm) L F H

Rhododendron 3760 Northwest 30 5 - 3.1 ± 1.1 4.4 ± 1.0 4.5 ± 1.0

Birch 3650 Northwest 30 15 25 3.3 ± 1.0 4.3 ± 1.6 6.4 ± 1.2

Fir 3700 Northwest 32 25 48 4.9 ± 1.0 7.8 ± 0.9 10.3 ± 2.9

Spruce 3210 Southwest 20 13 23 1.1 ± 0.2 2.0 ± 0.2 3.2 ± 0.2

Table 5 PLFAs used in this study
as bioindicators Marker for Marker

Total bacteria i15:0, a15:0, 16:0, 17:0, a17:0, 16:1ω7c, 15:0, 16:1w5t, i17:0,
16:1ω9c, 18:1ω7c, 18:0, cy19:0, cy17:0, i16:0, 20:5

Total fungi 18:2ω6,9c, 18:3, 20:4, 18:1w9c, 20:1w9c

Gram-positive bacteria i15:0, a15:0, a17:0, i17:0, i16:0

Gram-negative bacteria 16:1ω7c, 16:1ω9c, 18:1ω7c, cy19:0, cy17:0

The classification of PLFA biomarkers refers to the method of Cao et al. 2016 and Zhong et al. 2004
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