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GRAPHICAL ABSTRACT

Pathway IT

L Available substrates contribute more to Q¢ than
‘microbial community thermal adaptation.

Pathway III

1L Bacterial community thermal adaptation refers
t0 abundance changes in composition.

111 Fungal community thermal adaptation refers to
species shifts in the community.

Pathway T

Fertilization management

ABSTRACT

Substrate depletion and microbial community thermal adaptation are major mechanisms that regulate the
temperature sensitivity (Q1¢) of soil microbial respiration. Traditionally, the Q;¢ of soil microbial respiration is
measured using laboratory incubation, which has limits in the continuous input of available substrates and the
time scale for microbial community thermal adaptation. How the available substrate and the soil microbial
community regulate the Qj¢ of soil microbial respiration under natural warming conditions remains unclear. To
fill this gap in knowledge, a long-term field experiment was conducted consisting of two years of soil respiration
observations combined with a soil available substrate and microbial community thermal adaptation analysis
under seasonal warming conditions. The Q; of soil respiration was calculated using the square root method, and
it was more affected by the available substrate than by microbial community thermal adaptation. Fertilization
management has a stronger effect on soil available substrate than temperature. As the temperature increased,
NH4-N proved itself to be important for the bacterial community in the process of Q;¢ regulation, while dissolved
organic carbon and nitrogen were key factors for the fungal community. Based on the niche breadth of microbial
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community composition, the changing Qio of the soil respiration was not only closely associated with the
specialist community, but also the generalist and neutralist communities. Furthermore, bacterial community
thermal adaptation primarily occurred through shifts in the abundances of specialists and neutralists, while
changes in species richness and species replacement occurred for the fungal generalists and neutralists. This work
indicates that changing available nitrogen and DOC primarily caused by fertilization management contributed
more in regulating the Q¢ of soil microbial respiration than microbial community thermal adaptation, and there
are different mechanisms for bacterial and fungal community thermal adaptation under warming.

1. Introduction

Soil heterotrophic respiration, the primary process whereby carbon
is released by soil microorganisms to the atmosphere, constitutes an
important component of the global carbon cycle. It is significantly
influenced by temperature, and rising temperature results in increased
soil heterotrophic respiration (Nissan et al., 2023). Temperature sensi-
tivity (Q0) is a common method for describing proportional changes in
soil heterotrophic respiration in response to warming (Baath, 2018; Li
et al., 2020; Yang et al., 2022a). As Qo values may vary greatly, it is
important to specify Q1o changes to accurately estimate the amount of
carbon released into the atmosphere during a specific period under
warming conditions.

The Q9 of soil heterotrophic respiration is not constant. In previous
research, Q;p showed a clear decrease with increasing temperature
(Baath, 2018; Wang et al., 2019). The mechanisms responsible for this
decrease were microbial thermal adaptation and substrate depletion
(Kirschbaum, 2004, 2013; Bradford et al., 2019; X. Guo et al., 2020; Z.
Guo et al., 2020; Moinet et al., 2021). These two mechanisms are
directly and indirectly linked to soil microbial properties, and may
contribute to different levels of soil carbon loss under warming. While
microbial thermal adaptation results in a decreased loss of soil labile
carbon, substrate depletion mechanism means more carbon release.
Therefore, knowledge of soil microbial communities under warming is
vital for understanding the Q; of soil heterotrophic respiration and its
mechanisms.

Soil microbial communities generally acclimate to warming through
physiological changes (Crowther and Bradford, 2013), genetic adapta-
tion (Bennett et al., 1990; Bennett and Lenski, 1997), and shifts in the
microbial community (Donhauser et al., 2020). Physiological changes
result in short-term acclimation to warming for existing microbial taxa,
while genetic adaptation and community shifts lead to species that are
inherently adapted to higher temperature conditions outcompeting or
replacing less well-adapted species (Donhauser et al., 2020). The out-
comes of these species interactions under warming change the structure
and functions of microbial communities. As one of the cornerstones of
ecology, niche-based processes contribute to the structure of microbial
communities and can be used to generate predictions about how species
will respond to climatic changes, such as warming (Levine and Hill-
eRisLambers, 2009; Post et al., 2009; Qin et al., 2023). For example,
warming can enhance environmental filtering and lead to distinct pat-
terns in the distribution of soil microbial niches (He et al., 2023; Qin
et al., 2023). Therefore, generalist and specialist strategies based on the
niche breadth provide a basis for predicting how microbial communities
will respond to changes in soil environmental factors (Lennon et al.,
2012). Irrespective of the above mechanisms, previous research has
demonstrated that higher temperatures result in lower Q¢ values of soil
microbial respiration and vice versa with decreasing temperature in a
phenomenon termed community thermal adaptation (Baath, 2018;
Nottingham et al., 2021).

The thermal adaptation of a microbial community depends on the
temperature change regime, including the magnitude of the temperature
change and its duration (Baath, 2018; Zhang et al., 2023). For example,
one- to two-month laboratory incubation at 25 °C had no significant
impact on the Q¢ of microbial respiration in comparison with incuba-
tion at 5 °C, while increasing the temperature to approximately 30 °C

resulted in rapid community thermal adaptation (Barcenas-moreno
et al., 2009; Birgander et al., 2013). This means that short-term labo-
ratory studies are not sufficient to explore microbial community adap-
tations to warming due to the negative effects of a disrupted soil
structure on the soil microbial community structure and the depletion of
the available substrate during the pre-incubation processing of soil
samples (Lin et al., 2019; Mason-Jones et al., 2020; Podrebarac et al.,
2021; Li et al., 2022; Feng and Wang, 2023). In contrast, available
substrate was mostly sufficiently for the microbial communities in sur-
face soils, and field conditions with longer time scales and large tem-
perature shifts result in microbial thermal adaptation (Rousk et al.,
2012; Schindlbacher et al., 2015; Carey et al., 2016; Cui et al., 2023).

Field experiments can be used for the Q¢ analysis of soil microbial
respiration and related mechanisms (Baath, 2018; X. Guo et al., 2020; Z.
Guo et al.,, 2020; Nottingham et al., 2022). However, in previous
research smaller temperature increases under field conditions did not
lead to microbial community thermal adaptation, which is strongly
determined by the peak seasonal temperature (Rijkers et al., 2023).
Thus, a field experiment lasting several months across several seasons
should not only overcome the above mentioned drawbacks of laboratory
incubation, but also provide an opportunity to study the mechanisms
influencing the Qj¢ of soil heterotrophic respiration under warming.
Another advantage of field experiment is the fertilization management
in the agroecosystem, which was widely adopted for improving the
productivity and nutritional quality of food crops (Ishfaq et al., 2023).
Fertilization management changes soil substrate availability and soil
microbe, and subsequently regulates the response of soil respiration to
temperature (X. Guo et al., 2020; Z. Guo et al., 2020; Numa et al., 2021).
According to the report of Numa et al. (2021), the response of soil
respiration to warming is governed by substrate availability as microbial
biological processes dominate when substrate is non-limiting. Therefore,
in this study a long-term field experiment with different fertilization
managements was conducted to provide a stable soil environment,
diverse levels of substrate availability and reduce the impact of artificial
management on soil microbial properties (X. Guo et al., 2020; Z. Guo
et al., 2020). This aim of this study is to answer the following questions:
(i) which is more important for the Q1 of soil heterotrophic respiration,
microbial community thermal adaptation or the changes of available
substrate caused by fertilization management in the agroecosystem? (ii)
What are the differences in community thermal adaptation between soil
bacteria and fungi? In this study, the microbial community thermal
adaptation is assessed by measuring four community parameters under
warming: community similarity, species replacement, species richness
difference, and the niche structure. The available substrate consisted of
dissolved organic carbon and available nitrogen, and the in-situ soil
respiration was observed in winter and in summer. It was predicted that
microbial community thermal adaptation was more important than the
changing available substrate caused by fertilization management in the
regulation of the Q¢ of respiration in the agroecosystem. Moreover, it
was hypothesized that decreasing Qo values under warming were
closely linked with the community thermal adaptation of microbial
specialists based on niche theory (Tilman, 2004; von Meijenfeldt et al.,
2023) and the commonly accepted associations between microbial
living strategies and the Qjo of microbial respiration (Li et al., 2021;
Yang et al., 2022a).
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2. Materials and methods
2.1. Study site and soil sampling

This research was conducted based on a long-term field experiment
(32°14'N, 116°37'E) that began in 1982 and was located in the Meng-
cheng county, Anhui Province, China. The soil at the study site is a
vertisol (IUSS Working Group, 2014; Li et al., 2011). In the current
research, four treatments were selected that indicated (1) the control
(CK), with no crops and no fertilization; (2) crops without fertilization
(NF); (3) crops with long-term mineral fertilization (NPK); and (4) crops
with mineral fertilization plus the return of wheat straw to the cropland
(WS). The crops were a winter wheat and soybean rotation. In both NPK
and WS treatments, the number of nitrogen, phosphorus and potassium
was 180 kg ha™!, 90 kg ha™! and 135 kg ha™! respectively, while
another 7500 kg ha™! of wheat straw was returned into cropland for WS.
For the mineral fertilizers and crop straw, they were all used as basal
fertilizers with conventional tillage in annual mid-October before winter
wheat sowing. In the soybean growth season, there was no fertilization
practice.

Soil samples were collected from the 5-15 cm upper soil layer in
January, February, May, and June of 2015, just after the measurement
of the soil physicochemical and microbial properties. Each treatment
had three replicates. As the season changed from winter to summer, the
temperature increased from 4.1 °C in January to 27.1 °C in June
(Table 1). After removing plant debris and stones and sieving through a
2-mm sieve, soil samples were divided into two subsamples. One was
stored at 4 °C for the determination of the microbial biomass, the soil
water content, NH4-N, NOs-N, dissolved organic carbon (DOC), and
dissolved organic nitrogen (DON), and the other subsample was stored
at —80 °C for microbial total DNA extraction.

2.2. Respiration measurement and the Qi calculation

According to Wang et al. (2021a), soil respiration at the seedling and
harvest stages of winter wheat largely originates from soil microbes. In
the present study, the soil heterotrophic respiration (CO3) was measured
twice a week using the static closed chamber method (Hutchinson and
Livingston, 1993; Zhang et al., 2017) in January and February, the
seedling time of winter wheat, as well as in May and June, the harvest
time of winter wheat, in both 2014 and 2015. The soil temperature was
measured at depth of 5 cm. Prior to the measurement of soil hetero-
trophic respiration, a rectangular polyvinyl carbonate (PVC) chamber
base was inserted into the cropland soil at a depth of 10 cm, and the
plants in and around the chamber base were removed. Soil air samples
were collected using a sampling chamber with a size of 30 cm x 15 cm X

Table 1
Temperature (°C) at the 5-cm soil layer under seasonal warming in the CK, NF,
WS, and NPK treatments.

Year Treatments January February May June
2014 CK 417 + 5.47 + 23.40 + 26.63 +
0.17 0.20 0.55 0.43
NF 4.43 + 5.47 + 24.00 + 26.47 +
0.07 0.03 0.32 0.27
WS 4.70 + 5.40 + 23.20 + 26.50 +
0.06 0.06 0.32 0.30
NPK 4.53 + 5.33 + 23.73 £ 26.27 +
0.15 0.03 0.35 0.33
2015 CK 5.57 + 6.77 + 21.57 £ 26.00 +
0.30 0.12 0.38 0.29
NF 5.47 + 6.87 + 21.37 £ 25.90 +
0.33 0.13 0.22 0.15
Ws 6.07 + 6.97 + 21.57 + 26.60 +
0.12 0.09 0.32 0.32
NPK 5.63 + 6.87 + 21.07 £ 26.10 +
0.29 0.12 0.27 0.26

Science of the Total Environment 912 (2024) 169059

30 cm and 60-mL airtight syringes. After collection, the samples were
immediately transferred into pre-evacuated vials (40 mL) and analyzed
using a gas chromatograph (Agilent 7890A, USA) equipped with a flame
ionization detector to detect CO.

The temperature sensitivity of soil respiration (Q¢) was calculated
using the square root model. Specifically, the Tp;, (theoretical minimum
temperature for soil microbial respiration) for each treatment was
calculated according to Badth (2018), as follows:

VRs = a x (T = Tp), €))]

where Rs is the rate of soil respiration at a given soil temperature (mg
m~2 h_l) of T (°C), Tin (°C) is the minimum temperature for microbial
respiration, and a is a slope parameter related to the absolute respiration
rate.

The temperature sensitivity of soil respiration (Q1¢) was calculated
using the following equation:

Qr = [(T+R = Toin) /(T = Tyia) |* @)

where Qg is the temperature sensitivity of soil respiration for a given
temperature range of R, and T is the lowest temperature for comparison.
Tmin was calculated using Eq. (1). In this study, the temperature ranges
of R were 0-10 °C and 15-25 °C.

2.3. Analysis of the soil physicochemical properties

The soil water content, DOC, DON, and available nitrogen were
determined according to Bao (2005). Briefly, the soil water content was
measured after drying for 24 h at 105 °C. The soil DOC and DON con-
tents were determined using a total organic carbon (TOC) analyzer after
the extraction of fresh soil samples with 0.5 M potassium sulfate
(K2SO4). The soil nitrate-N (NO3N) and ammonium-N (NH4 — N) were
measured using a continuous flow analytical system with 50 mL of a2 M
KCl extraction solution and 5 g of fresh soil. The soil microbial biomass
carbon (MBC) was measured using the fumigation-extraction method
after soil sampling.

2.4. Analysis of the microbial properties

The soil DNA extraction method was described in detail in our pre-
vious research (Guo et al., 2022). Briefly, 0.5 g fresh soil stored at
—80 °C was used for the soil DNA extraction using an MP Fast DNA™
SPIN Kit (MP Biomedicals, Solon, OH, USA). Subsequently, the
concentrated and purified DNA was used for the analysis of soil bacteria
and fungi after amplification with the primer pairs 515F/806R and
ITS5/1ITS2, respectively (Caporaso et al., 2011; Bellemain et al., 2010;
Schmidt et al., 2013). After being purified and mixed in equimolar ra-
tios, the collected sequencing libraries of 16S and ITS1 DNA were
sequenced on an Illumina HisSeq Platform at Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China), and the raw sequence data were
collected. The raw data were processed using QIIME1 and UCHIME, and
the obtained high-quality sequences of bacteria and fungi with >97 %
similarity were gathered into the same operational taxonomic units
(OTUs) using UPARSE software (Caporaso et al., 2010; Edgar et al.,
2011; Edgar, 2013). The alpha and beta diversity of the soil bacterial
and fungal community were then calculated based on a 97 % OTU
similarity of the obtained sequences. Soil bacterial and fungal taxa were
annotated using the Ribosomal Database Project (RDP) classifier and the
UNITE database, respectively (Wang et al., 2007; Koljalg et al., 2013).
The bacterial and fungal sequence data were deposited in the National
Center for Biotechnology Information (NCBI) under the accession
numbers PRINA909425 and PRINA909421, respectively.

According to previous research on the niche breadth of soil microbes,
the soil bacterial and fungal community composition of each treatment
was classified into generalist, neutralist, and specialist categories using
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the spaa package in R software (Levins, 1968; Pandit et al., 2009; Zhang
et al., 2018; Jiao et al., 2020). The bacterial and fungal community
thermal adaptation of each treatment was assessed based on changes in
the beta diversity across various temperatures that was partitioned into
community compositional similarity, species replacement, and richness
differences using the adespatial package in R software (Shen et al.,
2020).

2.5. Statistical analysis

Two-way ANOVA (ANOVA) was used to test the effects of fertiliza-
tion regime, temperature and their interaction on soil DOC, DON,
NO3N, NH4 — N, soil respiration and its temperature sensitivity (Qio)
using SAS 9.4 software (SAS Institute, Cary, NC, USA). A Spearman's
correlation analyses among the temperature, the soil available substrate,
the microbial community thermal adaptation, and the Q;¢ were per-
formed and plotted using the “linkET”, “ggplot2”, and “dplyr” packages
of R 4.1.0, with significance observed at P < 0.05. To test the signifi-
cance of each environmental factor to the microbial community struc-
ture, the “envfit” function in R was used.

Structural equation modeling (SEM) was used to analyze the direct
and indirect associations between the soil temperature, available sub-
strate, microbial community thermal adaptation, and the Qi of soil
respiration using Amos 17.0 (IBM, SPSS, USA). Two goodness of fit
parameters were selected: the Chi-squared test (x% the model showed
good fit when 0 < Xz/df < 2 and 0.05 < P < 1.00) and the root mean
square error of approximation (RMSEA; the model showed good fit when
0 < RMSEA < 0.05 and 0.10 < P < 1.00 and acceptable fit when 0.05 <
RMSEA < 0.08 and 0.05 < P < 0.10) (Delgado-Baquerizo et al., 2017).
The final model included the standardized total effects of the soil
available substrate, temperature, microbial biomass, and community
thermal adaptation on the Q;( values. Based on previous knowledge that
(1) soil temperature can drive the Q¢ of soil respiration by regulating
the movement of the available substrate across different soil horizons
(Podrebarac et al., 2021); (2) temperature can enhance environmental
filtering and trigger changes in community composition due to an influx
of warm-adapted species based on niche theory (He et al., 2023; Qin
et al., 2023); and (3) available substrate depletion plays a significant
role in the process of changes in the Q;¢ (Kirschbaum, 2004, 2013;
Moinet et al., 2021), this study constructed a conceptual model of hy-
pothetical relationships.

3. Results
3.1. Qg of soil respiration and temperature regimes

Soil respiration was significantly affected by fertilization manage-
ment and temperature (Table 2). Based on the F value of two-way
ANOVA test, the influence of temperature was stronger than fertiliza-
tion management. To determine the Qo of soil heterotrophic respira-
tion, the square root curves of the soil respiration under each treatment
were obtained by fitting curves using the square root relationship, and

Table 2
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the T was then obtained (Fig. 1a). The Tp,, of microbial activity was
similar between 2014 and 2015 for each treatment at —14.53 °C and
—14.75 °C for NF, respectively, —29.53 °C and —30.52 °C for NPK,
respectively, —17.44 °C and —19.82 °C for WS, respectively, and
—9.27 °C and —10.40 °C for CK, respectively. The calculation of the
respiratory Q10 10 and Q1015 25 revealed that both fertilization man-
agement and temperature significantly changed the Q;¢ of soil respira-
tion (Fig. 1b and Table 2). Therein, temperature has a stronger impact on
the Qo than fertilization management, and the Q;¢ in summer was
significantly lower than that in winter in all treatments.

3.2. Soil microbial community composition and beta diversity

Soil microbial alpha diversities were measured (Table S1). For the
community composition, based on the niche breadth of each OTU, the
bacterial and fungal generalists were both significantly less abundant (P
< 0.05) than the specialists and neutralists (Fig. 2; Table S2), and the
relative abundances of the specialists and neutralists combined for both
bacteria and fungi accounted >99.00 % of the total. For soil bacteria, the
abundance of generalists ranged from 0.08 % to 0.23 %, that of spe-
cialists ranged from 32.00 % to 60.28 %, and that of neutralists ranged
from 37.39 % to 67.18 %, while the relative abundances of fungal
generalists, specialists, and neutralists were 0.36 %-0.99 %, 67.99 %-—
90.48 %, and 8.98 %-31.13 %, respectively.

For the soil bacterial beta diversity with different niche breadths, the
highest community similarity was observed in the generalists, while the
lowest was found in the neutralists, for which the averaged values in all
treatments ranged from 0.79 to 0.86 and from 0.45 to 0.50, respectively
(Fig. 3). Among the generalists, specialists, and neutralists, the highest
levels of species replacement and species richness differences were both
found in the neutralists and ranged from 0.33 to 0.41 and from 0.09 to
0.18, respectively.

Soil fungal community similarities for the generalists, specialists, and
neutralists were all lower than those of bacteria, but with higher species
replacement and species richness differences. For fungal generalists, the
beta diversity was 0.33-0.47 for community similarity, 0.35-0.47 for
species replacement, and 0.17-0.23 for species richness differences,
while the beta diversity values of community similarity, species
replacement, and species richness differences were 0.35-0.48,
0.37-0.48, and 0.12-0.15 for specialists, respectively, and 0.15-0.19,
0.63-0.67, and 0.14-0.21 for neutralists, respectively (Fig. 4).

3.3. Factors driving the Qj¢ of soil respiration

Soil available substrates were significantly influenced by fertilization
management and temperature except for DON (Table 2), and the
contribution of available substrates combined with microbial biomass
carbon and alpha diversity, including Shannon diversity and species
richness, was 85.68 % for soil respiration (Fig. 5). Pearson's correlation
analysis indicated that there were significant (P < 0.05) linkages be-
tween the Q¢ of soil respiration and temperature, NH4-N, MBC, bacte-
rial specialists, and bacterial neutralists (Fig. 6a; Tables S3 and S4). In

Two-way ANOVA test on the effect of fertilization regime (FR) and temperature (Tem) on the DOC, DON, NO3N, NH, — N, soil respiration (SR) and its temperature

sensitivity (Q1)-

Variables FR Tem FR x Tem
F value P F value P F value P

SR 2014 35.42%%* <0.001 213.24%** <0.001 13.26%** <0.001

2015 26.75%** <0.001 187.24%** <0.001 24.10%** <0.001
Q1o 79.7 <0.001 246.58*** <0.001 35.39%** <0.001
DOC 23.81%** <0.001 10.97%** <0.001 8.04%** <0.001
DON 1.08 0.37 0.94 0.43 0.72 0.69
NO3N 23.17%** <0.001 10.65%** <0.001 2.80* <0.02
NH4s — N 48.11%** <0.001 14.20%** <0.001 0.84* 0.02

corn o indicate that P < 0.05, P < 0.01 and P < 0.001, respectively.
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Fig. 1. T, value for each treatment in 2014 and 2015 based on field observations of soil respiration (a); the temperature sensitivity of soil respiration at tem-
peratures of 0-10 °C (LT) and 15-25 °C (HT) (b) under the NF, WS, NPK, and CK treatments. Different uppercase letters in the figure indicate significant differences at
the P < 0.05 level. CK: control; NF: crops without fertilization; NPK: crops with long-term mineral fertilization; WS: crops with mineral fertilization plus the return of

wheat straw to the cropland.

addition, there were significant and close relationships (P < 0.05) be-
tween the Qi of soil respiration and the beta diversity of fungal gen-
eralists and neutralists (Fig. 6b).

A SEM analysis was used to discriminate the direct and indirect ef-
fects of soil available substrate (C and nitrogen availabilities), microbial
biomass, bacterial and fungal community composition, and community
structure on the temperature sensitivity (Q1¢9) of soil heterotrophic
respiration (Fig. 7). This analysis showed that soil bacteria and fungi
both had negative impacts on the Qj¢. In contrast, there were positive
relationships between the Q1 and the DOC, DON and NH4 — N contents.
The NH4-N, temperature, and MBC limited the contributions of bacterial
specialists and neutralists to the Q19, while DOC and DON regulated the
Q10 via changing the beta diversity of fungal generalists and neutralists.
Specifically, 29.65 %, 10.87 %, 26.14 %, and 7.25 % of the total variance
in the Q10 was explained by the individual factors of temperature, NH4-
N, MBC, and bacterial generalists and neutralists, respectively, while
41.82 %, 12.50 %, and 40.42 % was explained by the individual factors
of DOC, DON, and the fungal beta diversity of generalists and

neutralists, respectively (Figs. 7).
4. Discussion

Under field condition, soil respiration consists of heterotrophic
respiration from soil microbe and autotrophic respiration from plants.
To determine whether soil respiration could be used to interpretate soil
microbial respiration directly, we firstly analyzed the contribution of
microbial properties and soil water content, DOC, DON, NH4-N, NO3-N,
temperature to soil respiration, and find that up to 85.68 % of soil
respiration could be explained, which means soil respiration under
changing temperature in our research was mainly caused by soil
microbe and soil available substrate variation. Furthermore, we also
analyzed the contributions of soil water content, temperature, DON,
DOC, NHy4-N and NOs-N to bacterial and fungal community structure to
characterize the community thermal adaptation as temperature chang-
ing under field condition, and found that more than half of their com-
munity variations could be explained (Fig. S1). Therein, temperature



Z. Guo et al.

Science of the Total Environment 912 (2024) 169059

Bacteria

[ Specialist ] Neutralist [l Generalist

g 10}

[=|

s

b=

[=]

=]

<

o 0.5F

8=

=

©

~

0.0
Fungi

g 10}

=

<

o

[=]

=

i

S 05k

b

=]

o)

~

0.0

— w¥ O — N un YW —~ o unvn O —~ v O
g ¢ 9 9 E B Z s 2 B B ¥ & ¢ ¥
O U U U £ Z2 Z 3333&.&%%

Z Z
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was the primary factor in structuring soil bacterial and fungal commu-
nity in CK, NF, WS, and NPK (Fig. S2). These results provide evidence
that microbial community shift is driven direct response to temperature,
and showing that the community change coincided closely with in-
creases in thermal adaptation of the community.

4.1. Available substrate, temperature, fertilization management and the
Qio of soil respiration

Inconsistent with the first hypothesis, the findings showed that the
soil available substrates were significantly affected by temperature, and
contributed more to the Q¢ of soil respiration than the MBC and mi-
crobial community thermal adaptation. These results may be referred to
the warming processes under field conditions, which generally lead to
an exchange of available carbon and nitrogen between different soil
layers (Podrebarac et al., 2021). Thus, there are limitations to investi-
gating the mechanisms of changes in Q¢ using laboratory incubation
experiments (Garcia-Palacios et al., 2021; Chen et al., 2023). It is
necessary to consider the continuous input of substrate during warming
incubation (Feng and Wang, 2023).

Furthermore, we also found that fertilization management has a
stronger effect on soil DOC and NH4-N than temperature (Table 2), and
the key factors in the microbial processes of the Qi regulation were
NH4-N for bacterial community and DOC and DON for fungal commu-
nity, respectively. These results indicated that available nitrogen as
important as DOC should be considered in the microbial process of soil
respiration measurement using laboratory incubation, and fertilization
management was more important than temperature in regulating the
Q10 under field conditions. Being consistent with previous research that
reported nitrogen addition changed the sensitivity of microbial respi-
ration to warming, we further found that a positive relationship existed
between soil NH4-N and the Q19 (Wang et al., 2018; Yang et al., 2022b;
Zheng et al., 2022; Chen and Chen, 2023; Zheng et al., 2023). From this
perspective, increasing the number of environmental and anthropogenic
factors considered, such as the interactive effect of temperature and
changes of DOC and available nitrogen caused by fertilization man-
agement on the Qj¢ in the agroecosystem, is vital to predict changes in
soil carbon stocks under global warming (Wang et al., 2018; Chen et al.,
2023; Rillig et al., 2023; Zhang et al., 2023).

4.2. Ecological niche processes and microbial community thermal
adaptation

In the present study, the microbial community composition was
categorized as generalist, neutralist, or specialist according to the vari-
ation in the niche breadth of each OTU. This method can be used to
making predictions about how a microbial community composition will
respond to environmental and climate changes, as well as the sensitivity
of the microbial community composition to these changes (Lennon et al.,
2012; Qin et al., 2023). Microbial specialists are K-strategists with high
carbon use efficiency, and there is a close association between Q1o and
K-strategists (Li et al., 2021; Yang et al., 2022a; von Meijenfeldt et al.,
2023). The present study quantified the contribution of microbial spe-
cialists to the Q¢ of soil microbial respiration. It was found that not only
bacterial specialists, but also bacterial neutralists, fungal generalists,
and fungal neutralists, were significantly closely related to the Qjo.
These results partially agreed with the second hypothesis that indicated
that the microbial community thermal adaptation processes were
complicated and that the community level of thermal adaptation should
be focused on instead of the thermal adaptation of individual species
(Tian et al., 2022).

This study supported the findings of previous studies, showing that
the approaches of bacterial and fungal communities to thermal adap-
tation were different regarding the regulation of Q1o (Nottingham et al.,
2022). Abundances change for bacteria, and alpha and beta diversities
shift for fungi during community thermal adaptation processes.
Different community thermal adaptation regimes may be attributed to
bacteria having a larger proportion of the overall microbial biomass and
a higher optimum temperature for bacterial activity and growth than
that of fungi. For example, in previous research, soil bacteria accounted
for 70 %-90 % of the total microbial biomass (Bardgett and Van Der
Putten, 2014), and this biomass increased along with warming up to the
optimum temperature of 27-30 °C (Bardgett and Van Der Putten, 2014;
Rijkers et al., 2022). Another important reason for this is the short-
period generation of bacteria, which means that the thermal adapta-
tion of specific bacteria can increase quickly through a large number of
generations within a few weeks or months (Baath, 1998; Tian et al.,
2022). In comparison to bacteria, soil fungi have hypha, larger bodies,
and greater plasticity, all of which improve their resistance to
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Fig. 3. Ternary plot of the beta diversity, including the community similarity, species replacement (Repl), and species richness difference (Richdiff) of bacterial
generalists, specialists, and neutralists under NF (generalist: a, specialist: b, and neutralist: ¢), CK (generalist: d, specialist: e, and neutralist: f), WS (generalist: g,
specialist: h, and neutralist: i), and NPK (generalist: j, specialist: k, and neutralist: 1) treatments. CK: control; NF: crops without fertilization; NPK: crops with long-
term mineral fertilization; WS: crops with mineral fertilization plus the return of wheat straw to the cropland.
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Fig. 4. Ternary plot of the community similarity, species replacement (Repl), and species richness difference (Richdiff) of soil fungal generalists, specialists and
neutralists under the NF (a, b, and c¢), CK (d, e, and f), WS (g, h, and i) and NPK (j, k and 1) treatments. CK: control; NF: crops without fertilization; NPK: crops with
long-term mineral fertilization; WS: crops with mineral fertilization plus the return of wheat straw to the cropland.
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environmental changing, such as warming (Alster et al., 2021). How-
ever, their optimum temperature is lower (Feng et al., 2022), and the
optimum growth temperatures among various fungal species are
different (Gavito et al., 2005; Yuste et al., 2011; Voyles et al., 2017;
Fukasawa, 2018). Consequently, some fungal species may be replaced
by others under warming conditions.

4.3. Implications and limitations

Niche theory provides insight into the outcome of species in-
teractions and generates predictions about how species will respond to
future climate scenarios (Post et al., 2009). To our knowledge, this is the
first study focusing on the community thermal adaptation to the Q¢ of
soil respiration based on the niche breadth of the microbial community

composition. Similar to the r-K selection used for soil microbial com-
munity composition, the niche-based method is not only reliable for
determining the functional traits of the community along environmental
factor gradients (Lennon et al., 2012), but also overcomes some draw-
backs of the former method. For example, the r-K selection for the mi-
crobial community classification was difficult and primarily resulted in
broad groupings. In some cases, a contrary categorization of the mi-
crobial community composition was the result. For example, the Pro-
teobacteria phylum is classified as representative of r-strategists in the
publication of Fierer et al. (2007), but its subphylums, including
Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria,
are classified as K-strategists in other studies (Wang et al., 2021b; Yang
et al., 2022a).

However, the present study has a number of limitations. For
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example, this research was conducted based on field conditions.
Although the different roles played by NH4-N, DOC, and DON in bac-
terial and fungal community construction under warming are known,
without further experiments under controlled conditions, it is difficult to
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clearly determine how the different substrates regulated the Q¢ of soil
respiration by changing bacterial and fungal community thermal ad-
aptations. Another limitation was that the results of the present study
were presented based on site-level datasets in agricultural system. The
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and

characteristics of site-level field experiments are related to agricultural
management practices as well as local climatic and environmental
conditions. Thus, these local-level results have limits and cannot be
generalized to regional or continental scales. For example, some
research conducted in subtropical forest has pointed out that available
phosphorus but not nitrogen controlled soil respiration and its temper-
ature sensitivity, and the microbial mechanisms were not community
thermal adaptation but referred to the nutrients availability-induced
changes in communities and microbial resource-allocation strategies
(Mou et al., 2023; Wang et al., 2023; Yang et al., 2023). The reasons for
the difference between our results and researches conducted in sub-
tropical forest may be referred to fertilization management, vegetation
traits and plant growth conditions (Boone et al., 1998; Haaf et al., 2021).
Thus, more studies based on various land use categories and vegetable
traits are required to provide support for our findings.

5. Conclusion

In summary, the available substrate contributed more to regulating
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indicate significant differences at the P < 0.001, P < 0.01, and P < 0.05 levels, respectively.

the Q¢ of soil heterotrophic respiration than microbial community
thermal adaptation. Fertilization management has a stronger effect on
soil available substrate than temperature. Under warming conditions,
NH4-N was important for the bacterial community in the process of Q1o
regulation, while DOC and DON were important for the fungal com-
munity. Based on the niche breadth, the changing Q1 of soil respiration
was not only closely associated with the specialist community, but also
with the generalist and neutralist communities. Furthermore, bacterial
community thermal adaptation primarily occurred through shifts in the
abundances of specialists and neutralists, while changes in the species
richness and species replacement occurred in the fungal generalist and
neutralist communities during thermal adaptation.
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