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Although the priming effect (PE) of soil organic matter mineralization and its response to nitrogen (N)
amendment are widely studied in terrestrial ecosystems, great uncertainties in their geographic patterns
constrain the establishment of advanced climate-carbon (C) model. By combining a laboratory experiment
incubating soils from nine temperate forests in China with a meta-analysis of 32 publications across global
forests, we tested the PEs and their response to N addition to explore their geographic patterns and the potential
determinants. We found a weak dependence of the PE on latitude and mean annual temperature (MAT) in
temperate forests in China, but a significant dependence of the PE on MAT across global forests after controlling
for the exogenous C quantity. Soil pH was evidenced to control the geographic patterns of the PE. Consistent with
meta-analysis, a general inhibition impact of mineral N addition on PE was detected in the laboratory experi-
ment, ranging from —5.50 to 228.41%. In contrast with an inapparent dependence on MAT at the global scale, N
inhibition effect in incubation experiment was experimentally detected to negatively correlate with MAT. In-
crease in soil N availability basically attenuated the response of PE to N addition. Across the globe, the PE and N
inhibition effect in coniferous forests were more sensitive to latitude than those in broadleaved forests. Overall,
our results uncovered distinct patterns but consistent controls of PE and N inhibition effect between the regional
and global scales, and emphasized the importance of considering forest type in predicting soil C dynamics in
response to global change.

1. Introduction measurements and result presentations are used, making cross-study

comparisons difficult and hindering broad-scale generalizations (e.g.,

Soil contains the largest active organic carbon (C) pool in terrestrial
ecosystems, storing approximately 1500 Pg C in the top 1 m layer
(Scharlemann et al., 2014). The mineralization of soil organic C (SOC),
serving as one of the major fluxes in soil C dynamics, releases 60-98 Pg C
to the atmosphere as COy every year (Bond-Lamberty and Thomson,
2010; Pan et al., 2011). In field, the mineralization of SOC can be
modified by the addition of exogenous C such as plant litter and root
exudates, which is termed as the priming effect (PE; Kuzyakov et al.,
2000). Although the PE is recognized to be widespread in terrestrial
ecosystems and widely studied, the pattern of the PE at a large scale and
its controls are poorly understood (Bastida et al., 2019; Liu et al., 2020;
Perveen et al., 2019). Numerous non-uniform experimental settings,

Di Lonardo et al., 2018; Tian et al., 2019a; Tian et al., 2019b). Clarifying
soil C dynamics is an essential precondition for the enhancement of soil
C sink and realization of C neutrality. Therefore, systematic in-
vestigations concerning the pattern and the fundamental drivers of the
PE are necessary to accurately predict the SOC dynamics.

Across previous investigations, the PE was demonstrated to vary
greatly in soils with contrasting properties (Chen et al., 2014; Chen
et al., 2018; Davidson et al., 2016; Paterson and Sim, 2013). Soil N
availability was broadly suggested to be a critical regulator of PE due to
its mediation on microbial community and function (Kuzyakov et al.,
2000; Tian et al., 2016; Zhang et al., 2013). Under current scenarios of
global change, increasing active N deposition from the atmosphere are
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demonstrated to influence soil C dynamics due to the tight coupling of C
and N cycles (Mason-Jones et al., 2018; Tian et al., 2019a; Tian et al.,
2019b; Wang et al., 2014). In most individual investigations, N enrich-
ment in soil reduced the degree of positive PE (Fontaine et al., 2011;
Hartley et al., 2010; Wang et al., 2014). The “N mining theory” was
mostly proposed to be the underlying mechanism, which suggests that N
addition reduces microbial N mining from SOC and hence the PE (Chen
et al., 2014; Fontaine et al., 2011; Murphy et al., 2015). Thus, microbial
response following N application should be the fundamental driver of
changes in PE (Leff et al., 2015; Rousk et al., 2010). In contrast, a few
studies suggested that the microbial activity is enhanced when N supply
in soil matches microbial demands after fresh C input accompanying
with exogenous N, consequently inducing a greater PE (Chen et al.,
2014; Meyer et al., 2018). Hence the inhibition effect of N addition on
PE was challenged sometimes, depriving the responses of PE to N input
of universal mechanisms at a large scale.

In addition to soil heterogeneity in terms of nutrient content, vege-
tation type might also account for the discrepancies in the SOC priming
and its response to N addition (Rasmussen et al., 2007). Generally, the
quality of soil organic matter in coniferous forests is generally lower
(wider C:N ratio) than that in broadleaved forests (Wang et al., 2016a;
Wang et al., 2018), which alter microbial community composition and
metabolism (Zhang et al., 2017), thereby indirectly affecting soil C dy-
namics as well as their response to N enrichment. Considerable varia-
tions in the PE and its response to N addition have been detected
between coniferous and broadleaved forests in individual studies (Di
Lonardo et al.,, 2017; Hartley et al., 2010; Maestrini et al., 2014).
However, whether the geographic patterns of the SOC priming and its
response to N addition differentiate in various forest types remains un-
clear. Clarifying the variations in soil C dynamics between coniferous
and broadleaved forests is essential to accurately predict the effect of
land use change in future.

Our understanding of the geographic patterns of the PE as well as
their response to N addition is limited. This calls for a systematic study
concerning the PE with N amendment over broad geographic scales. In
the present study, soils from nine temperate forests in China were
incubated with '3C-labeled glucose, crossed with a mineral N amend-
ment. To verify whether the results for China’s temperate forests are
applicable at the global scale, 221 observations from 32 literatures were
further collected. This study aimed to 1) investigate the geographic
pattern of the PE and N addition effect on PE in temperate forests in
China and across the globe; 2) examine whether the inhibition of PE by
N addition is applicable in both regional and global scales; and 3) un-
cover the potential effect of forest type on the geographic pattern of the
PE and the N addition effect on PE. Clarifying these knowledge gaps
would help us predict the terrestrial C cycling under global change
conditions. Based on current observations, we hypothesized that N
addition would reduce the degree of PE and the geographic patterns of
PE and its response to N amendment would differentiate in various
forest types.

2. Materials and methods
2.1. Study area

We collected soils in 9 temperate forests from 7 sites in China with a
range of different ecosystems (Fig. 1). These soils span a latitudinal
range from 39°57’ to 51°31’ N and have distinct edaphic characteristics,
with mean annual temperature (MAT) ranging from —5.8 to 7.1 °C and
mean annual precipitation (MAP) ranging from 468 to 947 mm
(Table 1). These forests comprised broadleaved, coniferous, and
coniferous-broadleaved mixed forests according to their dominant tree
species.
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Fig. 1. Site locations of studied nine temperate forests in China.

2.2. Field sampling and soil analysis

Soil samples were collected from late July to early August in 2014. In
each forest, 3 plots (100-150 mz) were established. In each plot, the
upper 10 cm of mineral soil was sampled from 8 to 10 locations, and
gently combined into a composite sample. All soil samples were trans-
ported with a low-temperature incubator with ice (<4 °C) to laboratory
within 24 h after collection. Then, soil samples were sieved to 2 mm, and
then homogenized. One part was stored at 4 °C for incubation and mi-
crobial measurement, and the rest was air-dried for chemical analysis.

The initial SOC and total N contents were measured by dry com-
bustion using an elemental analyzer (Thermo Fisher Flash 2000, USA).
Soil pH was measured with a pH meter from a soil slurry with 1:2.5
(weight/volume) soil to distilled water ratio. Soil mineral N (sum of
ammonium and nitrate N) was extracted using 2 M KClI solution and
determined using colorimetry (Lu, 2000). Soil total phosphorus (P) was
measured colorimetrically. Available P was analyzed colorimetrically
through the molybdate blue method after the soil was extracted with 1
M NH4F solution. Exchangeable cations (Kt, Na*t, Ca®*, Mg?") were
determined by flame emission spectrophotometry (Hitachi Z-8100,
Tokyo, Japan) (Lu, 2000).

To reveal the shift in microbial demands for substrate following
exogenous C and N addition, we determined the activities of three hy-
drolytic enzymes, including two C-acquisition (invertase, p-glucosidase)
and one N- acquisition (urease). At the end of incubation, invertase
activity was determined with 35.06 mM saccharose in 2 M acetate buffer
(pH 5.5) at 50 °C for 3 h. The reducing sugars released during the ac-
tivity were assessed following Schinner and von Mersi (1990). p-gluco-
sidase activity was determined by spectrophotometrically measuring the
formation rate of p-nitrophenyl-p-p-glucopyranoside during a 90 min
soil incubation at 37 °C and pH 6.5 (Tabatabai, 1982). Urease activity
was determined taking advantage of the colorimetric determination of
ammonium (Kandeler and Gerber, 1988). Phospholipid fatty acid
(PLFA) analysis was performed to demonstrate microbial community
structure in soil. Phospholipids were extracted from 3 g of soil fresh
weight and analyzed using an Agilent 7890 Gas Chromatograph. Gram-
positive bacteria were identified by the terminal and mid-chain
branched fatty acids (i15:0, al5:0, i16:0, i17:0, al7:0, 10Me-17:0),
and cyclopropyl saturated and monosaturated fatty acids (16:1w7c, cy-
17:0, 17:1w8¢, 18:107c, cy-19:0) were considered indicative of gram-
negative bacteria (Joergensen, 2022). The fatty acids 16:1w5c,
18:1@9c and 18:2106,9 were considered to represent fungal PLFA. The
total PLFA concentration was calculated from the identified PLFAs
(14:0, 15:0, 16:0, 17:0, 18:0, 20:406,9,12,15; and those listed above).
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Table 1
General characteristics of the nine forest types in temperate China.
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Site MAT MAP Organic C Total N C/N Total P pH Mineral N Microbial biomass Forest type Dominant tree species
Qo] (mm)  (gkg™H (gkg™)  ratio  (mg (mg kg™ (nmol PLFAs g ")
kg’l)
DX1 -5.8 485 30.5 1.6 19.1 0.4 5.4 9.9 121.2 Broadleaved  Betula platyphylla
DX2 -5.2 468 21.5 1.6 13.7 2.6 6.2 5.2 74.4 Coniferous Larix gmelinii
XX 1.6 671 64.1 5.1 12.4 1.4 5.4 19.7 196.9 Broadleaved Quercus mongolica, Betula
platyphylla, Ulmus davidiana
CBS -2.1 869 29.9 1.7 17.4 0.2 52 215 105.2 Mixed Pinus koraiensis, Larix olgensis,
Abies nephrolepis, Picea jezoensis
var. microsperma
BLS 4.6 781 325 2.8 11.7 0.6 56 186 142.2 Coniferous Larix olgensis
QY 4.8 885 37.6 3.0 12.7 0.5 58 129 114.5 Coniferous Pinus koraiensis, Larix kaempferi
CHK 5.7 947 23.9 1.4 17.0 0.4 6.1 15.4 90.3 Coniferous Pinus koraiensis
BJ1 7.1 499 43.3 3.4 12.7 0.5 6.6 25.9 91.6 Broadleaved Quercus liaotungensis
BJ2 7.1 499 34.3 2.5 14.1 0.7 6.9 313 61.9 Coniferous Pinus tabulaeformis, Larix principis-
rupprechtii
The ratios of fungal to bacterial (F: B) PLFA and gram-positive to gram- was calculated as:
negative (G+: G-) bacterial PLFA were taken to represent the relative
PE = C,— G, 3)

abundance metrics of these groups.

2.3. Incubation experiment and the PE calculation

Soils from each forest biome were incubated with three replications.
Three treatments were included in this experiment: soil without addition
(Control), soil with exogenous C addition (C), and soil with combined
addition of exogenous C and N (CN). For incubation, 100 g fresh soil
(oven-dried weight) were placed into 1 L Mason jars. These containers
equipped with pierced lids for gas exchange, but minimized evaporation
and soil drying. The soil was adjusted to 50 % of water holding capacity
(WHC) and pre-incubated for 24 h in the dark at 20 °C. Then, B3c.
labelled glucose (613C = 265 %o0) solution with or without N input
(NH4NO3) was homogeneously added to soil surface. 13¢.labeled
glucose and NH4NO3 corresponds to an addition of 2 % of SOC content
and 100 mg N kg ™! soil, respectively. Finally, soil moisture content was
adjusted to 60 % of WHC by adding distilled water and maintained by
regularly adding distilled water throughout the culture. The control
treatment was amended with distilled water to reach the same soil
moisture content. Six additional jars without soil were incubated addi-
tionally as blanks to account for atmospheric CO level. All the jars were
incubated in the dark in incubators for 102 days and the temperature
was adjusted to the MAT of soil original sites. To resemble the diurnal
temperature dynamics, the incubator temperature gradually changed
between the designed temperature plus 6 °C and minus 6 °C within 24 h.

Evolved CO4 was collected using a syringe at days 1, 3, 5, 8, 11, 16,
21, 28, 35, 42, 57, 72, 87, and 102 after incubation. Immediately after
collection, the concentration of released CO, and its 8'3C value were
measured using a spectroscopic stable isotope analyzer with a precision
of 0.2 %o (Picarro G2131-i Analyzer; Santa Clara, USA). At least 150 ml
of gas sample was collected from each jar to achieve a stable and precise
measurement. The analyzer was calibrated with two standards each time
before measurement.

To calculate the amount of CO2-C derived from glucose and native
SOC mineralization during the incubation period, the following equa-
tions were used:

Co = Cr(br — 85)/(66 — 5s) @

Cs= Cr— GCg 2

In the equations, Cr is the total amount of CO,-C during the
considered time interval, and 3t is the corresponding isotopic compo-
sition; Cg is the amount of CO»-C derived from glucose, and §¢ is the
isotopic value of glucose; Cg is the amount of CO5-C derived from SOC,
and &g is the 13C abundance of respired CO, from the control soil.

Cumulative PE (mg CO-C g~! SOC) induced by the glucose addition

where Cq is the cumulative amount of SOC-derived CO2-C in treat-
ments with glucose addition, and Cyg is the amount of SOC-derived CO>-
C in the same soil without labeled glucose addition.

N inhibition of PE was calculated as:

N inhibition effect = (PEc — PEcy)/ PEc % 100 4)

where PE¢ and PEcy are the PE induced by solely glucose input and
by concurrent addition of glucose and NH4NOs, respectively. Thus,
positive values indicate N addition reduced the magnitude of the PE.

2.4. Data collection across global forests

To collect data of the PE and its response to N addition in the world’s
forests, we searched the Web of Science and China National Knowledge
Infrastructure (CNKI, https://www.cnki.net). In this meta-analysis, we
searched for relevant articles in databases (publication years 1999-Feb.
2021) using two search statements as keywords: (1) priming AND (ni-
trogen enrichment OR nitrogen addition OR nitrogen application OR
nitrogen input OR nitrogen deposition) AND (forest); and (2) (isotope
OR '*C-labeled OR '3C-labeled) AND (decomposition OR respiration OR
mineralization) AND (nitrogen enrichment OR nitrogen addition OR
nitrogen application OR nitrogen input OR nitrogen deposition) AND
(forest). Literatures were further selected according to the following
criteria: (i) Articles were excluded when N was added accompanying
with P and/or other nutrients; (ii) Study of primed CO»-C or SOC-
derived CO,—C using '°C isotope-tracing technique; (iii) Experimental
treatments included the untreated control (without C substrate or
nutrient addition), C substrate addition, and C substrate plus nutrient
addition treatments; (iv) Means, standard deviations (SDs) or standard
errors (SEs), and the number of replicates for control and treatment
groups could be extracted from text, tables or digitized graphs; (v) When
one study involved more than one observation from different sampling
times, the latest measurements were adopted. A total of 221 records
from 32 papers were finally included (Fig. S1). Soil properties (including
SOC, TN, C/N, pH and texture), climatic factors (mean annual temper-
ature, MAT; and mean annual precipitation, MAP), geographic infor-
mation (longitude, latitude) associated with the corresponding sites as
well as experimental operation (experimental duration, type and
quantity of exogenous carbon, type and quantity of N fertilization) were
also collected. In our study, two authors worked independently to
extract data from eligible studies, and a third author reviewed data
extraction, and resolved conflicts.
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2.5. Statistical analysis

The Kolmogorov-Smirnov test was performed to check whether all
data were normal. Non-normal variables were log-transformed before
the analysis. A general linear model was used to explore the geographic
patterns of the PE and N inhibition of PE along the gradients of latitude
and MAT in temperate forests in China. Relationships between the PE or
N inhibition of PE and environmental variables (geographic informa-
tion, climatic factors, soil physicochemical properties, microbial com-
munity and enzyme activity) were assessed by Pearson correlation. Prior
to conducting structural equation modeling (SEM), we used a random
forest procedure to reduce the number of predictors that significantly
explained the variation found in the PE and N inhibition of PE
(geographic information, climatic factor, soil properties and microbial
traits) for each dataset (Delgado-Baquerizo et al., 2016). Random forest
analysis was recommended for evaluating the relative importance of the
primary predictors of the environmental variables. By building bagged
tree ensembles and including a random subset of features for each tree
(9999 trees), random forest analysis could alleviate multicollinearity
problems in multivariate analyses. Subsequently, to construct the direct
and indirect pathways that environmental variables influenced the PE
and N inhibition of PE, SEM was performed using the data from labo-
ratory experiments. Predicted causal relationships were based on prior
knowledge of how soil properties impact the PE and N addition effect on
PE. By the stepwise removal of non-significant paths in the initial model,
a final model that best fit our data was generated. To confirm the
robustness of the relationships between key ecosystem factors and the
PE or N inhibition of PE, we used piecewise SEM to account for random
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effects of sampling sites, providing “marginal” and “conditional”
contribution of environmental predictors. Fisher’s C test was used to
judge the goodness of the modelling results. The models were modified
stepwise according to the pathway significance (p < 0.05) and the
goodness of the model (0 < Fisher’s C/df < 2 and 0.05 < P < 1.00).

For data of PE and N inhibition effect collected across the globe, we
conducted partial correlation to evaluate the relationships between the
PE or N inhibition effect and the factors given the inter-correlations
among these factors. The greater the difference in the partial correla-
tion coefficient (Pearson method) between the zero-order and control-
ling correlation, the stronger the effect of the factor being controlled.
These statistical analyses were performed based on original data with
three replicates except the general linear model, using the “nlme”,
“Ime4”, “psych”, “randomForest”, “rfPermute” and “piecewiseSEM”
packages in R version 4.0.2 (R Core Team, 2020). Significant differences
were accepted at the p < 0.05 level of probability.

3. Results
3.1. Geographic patterns of the PE and N inhibition of PE

Glucose addition universally induced substantial positive PE in
temperate forests in China, ranging from 4.35 to 6.71 mg C/g SOC at the
end of incubation (Fig. 2a). Although the PE varied significantly across
forests, no apparent dependence of the PE on latitude or MAT was
detected (Fig. 2a, b). The meta-analysis from 32 publications in global
forests corroborated this finding apparently, with four-fifths of obser-
vations showing positive PE (Fig. S2). However, significant dependence
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Fig. 2. Geographic patterns of the priming effect (PE) induced by glucose addition without (red) and with NH4NO3 (blue) addition along the gradients of latitude (a)
and MAT (b); and geographic patterns of N inhibition of PE along the gradients of latitude (c) and MAT (d) in temperate forests in China.
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of the PE on MAT was revealed after controlling for the exogenous C
quantity (Fig. 3a). Overall, simultaneous amendments of glucose and
NH4NO3 weakened the degree of the positive PE compared to solely
glucose addition in temperate forests in China (Fig. 2a), with the relative
inhibition of PE by N addition ranging from —5.50 to 228.41 %. Of the
studies collected in meta-analysis, approximately two-thirds showed
inhibitory effects of N enrichment on the PE (Fig. S2). The N inhibition
effect decreased linearly with increasing MAT in the temperate forests in
China (R? = 0.52, p = 0.03; Fig. 2d). Across the globe, in contrast, the
MAT-dependence of N inhibition effect was absent (Fig. 3b).

3.2. Determinants of the PE and N inhibition of PE

Pearson correlation results showed that the urease and invertase
activities and the ratio of fungal to bacterial PLFAs negatively correlated
with the PE in temperate forests in China (p < 0.05; Fig. 4a). Inhibition
effect of N addition on PE revealed negative relationships with MAT, soil
mineral N, exchangeable Na®, Ca®", Mg?" contents, and the ratio of
gram-positive to gram-negative bacterial PLFAs, whereas correlated
positively with soil C: N and available P (p < 0.05; Fig. 4a). To further
uncover the relative importance of above variables in controlling the PE
and N inhibition of PE, a random forest analysis was performed. We
found that urease activity, soil pH and Mg?* content were the three most
important factors in regulating the PE (p < 0.05; Fig. 4b), while N in-
hibition of PE was dominantly influenced by Na* and Mg?* contents as
well as MAT (p < 0.05; Fig. 4c).

SEM was constructed to reveal the pathways that environmental
variables impact the PE and N inhibition of PE. Taken together, our
model explained 48 % of the variations in the PE, and 72 % of the
variations in N inhibition of PE when considering the random effects of
“sampling sites” (Fig. 5). The magnitude of the PE increased as the soil
pH approached neutral, whereas pH-mediated microbial community
composition and urease activity showed negative correlation with the
PE (Fig. 5a). Consistent with the results of random forest model, soil pH
and pH-mediated urease activity dominantly regulated the geographic
patterns of PE (Fig. S3). Soil mineral N and exchangeable Na™ contents
negatively impacted the N inhibition of PE (Fig. 5b). Basically, MAT
exerted a negative impact on N inhibition of PE indirectly through its
positive correlations with total N and exchangeable Na™ contents
(Fig. 5b).
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3.3. Impacts of forest type on the patterns of PE and N inhibition of PE

Across the globe, the changes in the PE or N inhibition of PE along
latitude were more significant in coniferous forests than in broadleaved
forests (Fig. 3c). Specifically, the PE in coniferous forests increased with
latitude, whereas N inhibition of PE decreased with latitude after con-
trolling for the exogenous C quantity. The variation in the PE was mainly
controlled by soil pH (p < 0.05; Fig. 3a), whereas the variation in N
inhibition of PE was impacted by total N content in soil (p < 0.05;
Fig. 3b).

4. Discussion
4.1. Geographic patterns of the PE

Our results revealed little dependence of the PE on latitude or MAT in
the temperate forests in China (Fig. 2a), which was inconsistent with the
findings at the global scale that a negative correlation between the PE
and MAT was revealed. The thermal dependence of PE has been evi-
denced in previous studies (e.g., Bastida et al., 2019; Ren et al., 2021).
For example, cold forests were reported to exhibit stronger PEs than
temperate forests, followed by tropical forests (Bastida et al., 2019).
However, the thermal limitation of microbial metabolism doesn’t
constrain PE critically in the studied temperate forests. Remarkably, pH-
driven changes in soil environmental and microbial properties were
demonstrated to mediate the geographic pattern of the PE in the
temperate forests in China (Figs. 4 and 5). Mechanistically, soil pH
regulates SOC mineralization through its impact on SOC solubility or by
mediating microbial activity and function (Wang et al., 2017; Yang
et al., 2021). The greatest PE is detected in the neutral pH condition as
the activities of dominant microorganisms in soil were scarcely stressed
(Aye et al., 2017; Blagodatskaya and Kuzyakov, 2008). Along the
decreased pH gradient in acidic soils, microbial activity and decompo-
sition processes were thus suppressed, weakening the degree of the PE
(Feng et al., 2021; Yang et al., 2021). Furthermore, a significant corre-
lation between the PE and MAT was detected at the global scale due to
the broad range of thermal condition, which is also basically contributed
to the regulation of soil pH (Fig. 3a). Therefore, soil acidification could
be an important mechanism contributing to the decrease in the PE at the
regional and global scales (Wang et al., 2016b).

As shaped by soil pH, variations in microbial community composi-
tion and relevant function were detected to directly mediate the degree
of PE (Chen et al., 2014; Tian et al., 2019a; Tian et al., 2019b; Feng et al.,

a b ¢
Priming effect N inhibition of PE Latitude
1
Latitude Latitude PE-BF o 0.8
0.6
MAT * * MAT PE-CF  kk *k T) 0 5
0
Total N Total N " N inhibition 0.2
-BF
-0.4
pH - ol N inhibition & 06
\ -CF \/J -0.8
-1
Zero-  Camount Time  C*Time Zero-  Namount Time  N*Time Zero-  C/Nratio Time C/N
order order order *Time

Fig. 3. Partial regressions between the priming effect (PE) and the latitude, MAT, and soil properties (a); between N inhibition of PE and the latitude, MAT, and soil
properties (b); between latitude and the PE and N inhibition effect in broadleaved and coniferous forests (c). The size and color of the circles indicate the strength and
sign of the correlation. Differences in circle size and color between the zero-order and controlled factors indicate the level of dependency of the correlation on the
controlled variable. C/N amount and Time indicate the exogenous C/N quantity and experimental duration, respectively; PE-BF and PE-CF indicate the magnitude of
priming effect in broadleaved and coniferous forests, respectively; N inhibition-BF and N inhibition-CF indicate the strength of N inhibition of PE in broadleaved and

coniferous forests, respectively.
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Fig. 4. Dependence of the priming effect (PE) and N inhibition of PE on environmental variables in temperate forests in China. Pearson correlations between the PE
or N inhibition of PE and environmental variables (a); random forest analyses aiming to identify significant variables regulating the PE (b) and N inhibition of PE (c).

2021). The negative pathways through which fungal to bacterial PLFA
ratio and urease activity impacting PE in the SEM highly confirmed this
mechanism in temperate forests in China (Fig. 5a). Generally, bacteria
(mainly r-strategists) respond faster to the glucose addition and win the
short-term competition with fungi for labile C source, but have lower C-
use efficiency (Chen et al., 2014). Fungi, in contrast, express a broader
set of extracellular enzymes to break down recalcitrant compounds and
are more efficient in C utilization (Fontaine et al., 2011). Consequently,
less SOC would be decomposed following fresh C addition in soils with a
high fungi to bacteria ratio to mine nutrients, especially N. Therefore,
exogenous fresh C addition would not stimulate SOC decomposition in
soil with abundant fungi as intensively as in fungi scarce soil, thus
lessening the priming degree (Chen et al., 2014; Kuzyakov et al., 2000;
Yin et al., 2016).

4.2. Geographic patterns of the N addition effect on PE

Consistent with our hypothesis, mineral N addition generally
reduced the magnitude of the positive PE (Figs. 2 and S2), indicating
that PE could be impacted by the imbalance between microbial demands
for N and available N supply in soil (Chen et al., 2018; Fontaine et al.,
2011; Wang et al., 2014). Adding mineral N along with C source would
alleviate the dependence of microorganisms on released N via their

mining from soil organic matter, ultimately reducing the positive PE and
hence benefitting SOC sequestration (Daly and Hernandez-Ramirez,
2020; Fontaine et al., 2011). This finding suggests the N mining the-
ory to be a general mechanism regulating the response of the PE to N
input in the absence of severe N limitation (Chen et al., 2014).
Furthermore, N inhibition of PE was found to decrease with increasing
MAT in temperate forests in China (Fig. 2d), thus anthropogenic N
amendment in boreal and cold-temperate forests might be more efficient
to sequester soil C by inhibiting the PE of SOC mineralization.

As indicated by the SEM, the MAT-dependence of N inhibition of PE
was correlated with soil inherent N availability (Fig. 5b). Low N avail-
ability facilitate the microbial mining from soil organic matter for N,
thus being more susceptible to exogenous N input (Fang et al., 2018;
Feng et al., 2021; Nottingham et al., 2015; Su et al., 2022; Wang et al.,
2014). Given that the N limitation became alleviated from cold to warm
temperate forests as indicated by increasing mineral N contents in soils
(Table 1), the response of microbial mining from SOC to exogenous N
addition got impaired accordingly (Blagodatskaya and Kuzyakov, 2008;
Feng and Zhu, 2021a). As a result, weaker inhibition effect of N addition
on PE was detected in warm temperate forests with relatively low N-
limitation (Fig. 2d and 4a). Across the globe, soil total N content was
detected to positively associate with N inhibition of PE after controlling
for experimental duration (Fig. 3b), contrasting the finding in our
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Fig. 5. Structural equation modeling (SEM) for geographic pattern of the
priming effect (PE, a), and inhibition effect of N addition on PE (b) across nine
temperate forests in this study. The numbers are standardized path coefficients,
reflecting the importance of the variables within the model. F: B, the ratio of
fungal to bacterial biomass; MN, mineral nitrogen content; Na*, exchangeable
Na™ content.

experiment. This is because N mining theory was challenged in some
studies, where N amendment strengthened the PE apparently in N-
deficient soils through a microbial stoichiometry decomposition process
(Chen et al., 2014; Feng et al., 2021; Feng and Zhu, 2021a). This theory
suggests that the concurrent additions of fresh C and N better match the
microbial demand than sole C addition, thereby stimulating microbial
activities and mineralization of SOM (Feng et al., 2021; Feng and Zhu,
2021a; Zhang et al., 2021). Additionally, differences in fresh C type as
well as N deposition form from our incubation also contributed to the
distinct finding, with complex fresh C like plant residue and organic N
amendment being continuously reported to associate with positive N
effects on PE (Tian et al., 2019a; Tian et al., 2019b; Zhang et al., 2021).
Ultimately, the correlation between N inhibition of PE and MAT was not
established across the globe, which might be masked by variations in
culture temperature setting and forest types (Chen et al., 2018; Tian
et al., 2019b; Wang et al., 2016a; Zhang et al., 2021).

The crucial role of exchangeable metal cations in mediating soil PE in
response to N enrichment was emphasized in this study. Given that the N
mining theory is suggested to be the dominant mechanism that controls
the intensity of PE in response to N addition, microbial mining from SOC
for N should be less weakened following N addition in soils with
abundant exchangeable Na™ (Fig. 5). Thus, it’s reasonable to speculate
that exchangeable metal cations benefit the mineralization of soil
organic matter. Indeed, mineralization of soil organic matter is charac-
terized by electron transfer, with organic matter serving as the electron
donor (Chen et al., 2020). Thus, higher metal cations in soil might
benefit the transport of electrons, accelerating the biochemical miner-
alization of SOC (Chen et al., 2020).

4.3. Impacts of forest type on the patterns of PE and N inhibition of PE

The PE in coniferous forests was more sensitive to latitudinal vari-
ation across the globe (Fig. 3a), which is in accordance with a meta-
analysis of the PE in terrestrial ecosystems (Sun et al., 2019), thereby
highlighting the effect of forest type in conjunction with latitude on soil
C dynamics. In the collected observations, different distributions in soil
pH between coniferous and broadleaved forests were found (Fig. S4),
which might explain the greater sensitivity of PE to latitudinal variation
in coniferous forests. As a primary stressor for soil C dynamics at the

Catena 222 (2023) 106806

global scale, soil pH controls substrate solubility and microbial activ-
ities, positively correlating with the PE in acid forest soils (Wang et al.,
2017; Yang et al., 2021). Therefore, the broader gradient of soil acidity
in coniferous forests across the globe (Fig. S4) determined a negative
dependence of the PE on latitude. Correspondingly, the N inhibition of
PE was significantly weakened with increasing latitude in coniferous
other than broadleaved forests (Fig. 3c). As regulated by soil pH, the
degree of microbial mining from SOC for N, i.e., the magnitude of PE
gets stronger along the increased latitudinal gradient (Blagodatskaya
and Kuzyakov, 2008; Feng and Zhu, 2021a). Accordingly, the response
of microbial mining to exogenous N addition was amplified apparently
in coniferous forests across the globe.

4.4. Limitations and implications for future study

Taking advantage of two complementary approaches, we explored
the geographic patterns and controls of the PEs and their response to N
addition. However, there may be some limitations that need to be
illustrated. Firstly, we acknowledged that the results of N inhibition of
PE presented in our study might be disputable. Indeed, we calculated the
PE under N addition (PEcy) by subtracting CO5 concentration in un-
amended control from SOC-derived CO, in glucose plus N addition
treatment. However, increasing studies suggest that the treatment of
sole N addition rather than unamended control should be treated as the
reference to calculate the PEcy;, as N addition would probably impact the
basal respiration of microorganisms (Feng and Zhu, 2021b). The direc-
tion and magnitude of N addition effects on PE generated by different
calculations are different when N addition itself has impacted microbial
decomposition of SOC (Feng and Zhu, 2021b). Therefore, this study
lacked a control treatment, i.e., sole N addition, to more accurately es-
timate the effect of N application on PE. Full factorial experiments that
include the treatment of sole N addition are recommended in future
studies.

Actually, about half of the publications collected in this research
contained the treatment of sole N addition. However, few of them
calculated the magnitude of PEcy treating sole N addition treatment as a
reference, mainly showing an inhibition of PE by N application (e.g.,
Ehtesham and Bengtson, 2017; Tian et al., 2019a; Tian et al., 2019b;
Wang et al, 2019). Therefore, although the terms of calculation
methods in this study might be disputable, our finding didn’t mislead the
interpretation of the inhibition effect of N addition on PE.

Secondly, the determinants and underlying mechanisms of PE and its
response to N addition at the global scale were not deeply explored. Our
study combined a global meta-analysis with a regional experiment, but
the variables taken advantage to evaluate the determinants were inco-
ordinate in these two parts. Due to various experimental objectives, the
environmental factors detected to interpret the PE or its response to N
addition were different in the original case studies. Additionally, it is
difficult to compare the importance of microbial traits in soil C dynamics
among investigations because of the non-uniform classification of mi-
crobial groups and great uncertainties in enzyme and biomass mea-
surements (Joergensen, 2022; Nannipieri et al., 2018). As a result,
limited information of potential determinants could be derived from the
meta-analysis, particularly with a lack of microbial mechanisms. We
were thus only able to validate part of findings from the regional
experiment on the global scale. Therefore, large-scale systematic in-
vestigations that provide unifying ecological context and an integrative
approach are needed to understand their patterns and underlying
mechanisms deeply.

5. Conclusions

By combining laboratory observations of nine temperate forests in
China with a meta-analysis from global forests, discrepancy in the pat-
terns of PE and N inhibition effect at various geographic scales was
revealed. However, consistent controls were demonstrated at the
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regional and global scales: with soil pH primarily controlling PE while N
availability mediating N inhibition effect. Therefore, different observa-
tions may be obtained at different scales, emphasizing the importance of
scale in studying spatial pattern. The “N mining theory” was proposed to
be a general mechanism regulating the effect of N addition on PE over a
broad geographic scale, thus N enrichment in soil to some extent ben-
efits soil C sequestration. Greater sensitivity of the geographic patterns
of PE and N inhibition effect in coniferous forests revealed the impor-
tance of introducing forest type in regulating the geographic patterns of
terrestrial C dynamics. These findings on the geographic patterns and
determinants of the PE and its response to N addition over broad scales
provide precious information for accurately predicting C-climate
feedbacks..
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